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Nitrogen sequestration in paddy and non-paddy soils formed from different parent 
materials 
Paddy soils exhibit low nitrogen (N) use efficiency. Prior research in this field suggested that 
paddy soils may sequester significant amounts of N in aged amino acids, microbial residues, 
or even in pyrogenic N. The overarching aim of my theses was to identify these bonding 
forms of N sequestration in different soil types, and to elucidate to what extent the properties 
of the parent soil rather than anthropogenic soil management controls the different N 
sequestration processes.  
My hypothesis was that the effects of rice cultivation on N sequestration in soil depend on the 
mineral composition of the parent soil. My specific research questions were: (i) does paddy 
management lead to N sequestration in peptide bonds, (ii) do bacteria or fungi promote high 
microbial N sequestration in paddy soils, and (iii) to which extent can N sequestration in 
paddy soils be assigned to the input of charred organic matter? 
To answer these research questions, I sampled paddy and adjacent non-paddy top- and 
subsoils from different major reference soil groups (Vertisols, Andosols, Alisols, and a 
Gleysol/Fluvisol pair), allocated in major paddy rice production regions in Indonesia, China 
and Italy. I used N biomarkers like amino sugars and amino acid enantiomers to elucidate 
whether N sequestration in peptides and microbial residues is stronger under paddy compared 
with non-paddy management. Selected samples were pre-extracted with dithionite‒citrate‒
bicarbonate (DCB) to better understand the role of reactive pedogenic oxides to amino acid-N 
storage, origin and composition. Additionally, I analyzed charred organic matter (black 
carbon; BC) via the analyses of benzene polycarboxylic acids and tried to identify black N 
forms via X-ray photoelectron spectroscopy (XPS) in order to elucidate the contribution of 
pyrogenic N to total N sequestration. 
The results showed that total N- and amino acid-N stocks in the topsoils were significantly 
larger in paddy-managed Andosols and Chinese Alisols than in their non-paddy counterparts. 
In other soils, however, paddy management did not lead to elevated proportions of total N and 
amino acid-N. The N storage in peptide-bound amino acids went along with elevated contents 
of bacteria-derived D-alanine and D-glutamic acid, as well as with increasing stocks of DCB 
extractable pedogenic oxides. In order to be able to track specifically the N sequestration into 
the residues of bacteria and fungi, I analyzed amino sugars as respective marker compounds. 
Across all soils under study, the stocks of DCB extractable oxides showed a positive 
correlation to stocks of microbial residue (p<0.01, R2= 0.60), whereas paddy management did 
not continuously led to accumulation of microbial residues. Therefore, I conclude that the 
mineral assemblage of soils modulates the degree at which microorganisms contribute to the 
N sequestration under both paddy and non-paddy management, therewith supporting the 
overall hypothesis of my thesis that the mineral assembly drives the overall enrichment of 
specific N forms in soil. 
The traditional burning of straw on paddy fields led to an enrichment of BC. However, the 
proportion of pyrogenic organic N (black N, BN) in the soil was hardly or not detectable by 
XPS analysis, although a pre-test in the laboratory showed that after the combustion of rice 
straw the content of BN can rise to more than 50% of the total N. BC and BN did not show 
any correlation to soil properties such as clay content and pedogenic oxides. 
Therefore, I conclude that BN from burnt crop residues does not significantly contribute to N 
sequestration in rice soils. 
In summary, the results showed that significant amounts of N sequester in aged amino acids 
and microbial residues, whereas I did not find significant amounts of pyrogenic N. 
The N sequestration was largely determined by the mineral assemblage of the parent material 






Stickstofffestlegung in Böden mit und ohne Nassreisanbau aus unterschiedlichen 
Ausgangssubstraten  
Böden unter Nassreisanbau weisen eine niedrige Stickstoff-(N)-Nutzungseffizienz auf. Man weiß, dass 
in Nassreisböden signifikante Mengen von N in gealterten Aminosäuren, mikrobiellen Rückständen 
oder pyrogenem N festgelegt werden können. Das Ziel meiner Doktorarbeit war es, diese Formen der 
N Sequestrierung in verschiedenen Bodentypen zu identifizieren und zu klären, inwieweit die 
Eigenschaften des Ausgangssubstrates und/oder die Bodenbewirtschaftung des Nassreisanbaus die N 
Sequestrierung beeinflussen.  
Meine Hypothese war, dass die Auswirkungen des Nasseisanbaus auf die N-Sequestrierung im Boden 
abhängig sind von der Mineralzusammensetzung des Ausgangssubstrats. 
Meine spezifischen Forschungsfragen waren: (i) führt  Nassreisanbau zu einer N-Sequestrierung in 
Peptidbindungen, (ii) tragen Bakterien oder Pilze zu einer erhöhten N-Sequestrierung in 
Nassreisböden bei, und (iii) inwieweit ist im Reisanbau traditionell durchgeführte Strohverbennung 
verantwortlich für die N-Sequestrierung in verkohlter, stabilisierter organischer Substanz? 
Um diese Forschungsfragen zu beantworten, habe ich Reisböden und angrenzende Ackerböden ohne 
Nassreisanbau aus verschiedenen Bodengruppen (Vertisole, Andosole, Alisole und ein 
Gleysol/Fluvisol-Paar) in Zentren der Reisproduktion (Indonesien, China und Italien) beprobt. Ich 
habe N-Biomarker wie Aminozucker und Aminosäure-Enantiomere verwendet, um zu klären, ob die 
N-Sequestrierung in Peptiden und mikrobiellen Rückständen in Reisböden stärker ist als in 
Nichtreisböden. Ausgewählte Proben wurden mit Dithionit-Citrat-Bicarbonat (DCB) vorextrahiert, um 
die Rolle reaktiver pedogener Oxide für die Sequestrierung, Herkunft und Zusammensetzung des 
gebundenen N in Aminosäuren (Aminosäure-N) besser zu verstehen. Zusätzlich analysierte ich 
pyrogenen organischen Kohlenstoff (Black Carbon; kurz BC) via Analyse von 
Benzolpolycarbonsäuren und versuchte, pyrogene N-Formen via Röntgen-
Photoelektronenspektroskopie (XPS) zu identifizieren, um den Anteil von pyrogenem N im Boden 
festzustellen. 
Die Gesamt-N- und Aminosäure-N-Gehalte unter Nassreisanbau waren nur bei Andosolen und 
Alisolen in China signifikant größer als bei den Vergleichsböden. In allen anderen Böden war kein 
Effekt von Nassreisanbau zu erkennen. Die N-Sequestrierung in peptidgebundenen Aminosäuren ging 
einher mit erhöhten D-Enantiomeranteilen in Alanin und Glutaminsäure (Biomarker für bakterielle N 
Sequestrierung) sowie mit steigenden Gehalten an DCB-extrahierbaren pedogenen Oxiden in den 
Böden. Um die N-Sequestrierung in Rückständen von Bakterien und Pilzen gezielter verfolgen zu 
können, habe ich Aminozucker als Marker für mikrobielle Rückstände analysiert. In allen 
untersuchten Bödentypen korrelierten die Vorräte von DCB extrahierbaren pedogenen Oxide mit den 
Vorräten an mikrobiellen Rückständen (p<0.01, R2= 0.60), wohingegen der Anbau von Nassreis nicht 
immer zur Anreicherung von mikrobiellen Rückständen führte. Daher komme ich zu dem Schluss, 
dass die Mineralzusammensetzung der Böden den Grad moduliert, in dem Mikroorganismen zur N-
Sequestrierung sowohl unter Nassreis- als auch unter anderen Nutzungen beitragen, was die 
Gesamthypothese meiner These unterstützt, dass die Ausgangssubstrate die N-Sequestrierung 
maßgeblich mitbestimmen. 
Die traditionelle Strohverbrennung im Nassreisanbau führte, gegenüber den Vergleichsböden, zu einer 
Anreicherung von BC. Allerdings war der Anteil pyrogener organischen N (Black Nitrogen, kurz BN) 
im Boden mittels XPS-Analyse kaum bis nicht nachweisbar, obwohl ein Vortest im Labor ergab, dass 
nach der Verbrennung von Reisstroh der Gehalt an BN auf über 50% des Gesamt-N steigen kann. BC 
und BN zeigten auch keine Zusammenhänge zu den Bodeneigenschaften, wie z.B. Tongehalt und 
pedogenen Oxiden. 
Daher schlussfolgere ich, dass BN aus verbrannten Ernterückstände nicht signifikant zur N 
Sequestrierung in Reisböden beiträgt.  
Zusammenfassend kann ich zeigen, dass signifikante Mengen von N in gealterten Aminosäuren, und 
mikrobiellen Rückständen festgelegt werden konnten, jedoch fand ich keine signifikanten Mengen an 
pyrogenen N. Die N-Sequestrierung wurde maßgeblich durch die Mineralzusammensetzung des 
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DFG Deutsche Forschungsgemeinschaft 
δ15N Standardized parameter for the abundance of the 15N isotope 
EA Elemental analyzer 
e.g. exempli gratia 
FAO Food and Agriculture Organization of the United Nations 
Fe Iron 









HCL Hydrochloric Acid 
HI Hydrogen index 
HNO3 Nitric Acid 
i.e. it est 
IRMS Isotope Ratio Mass Spectrometry 




MS Mass Spectrometry 
MurA Muramic acid 
N Nitrogen 
NMR Nuclear Magnetic Resonance 
NP Non-paddy 
Nt Total nitrogen 
O Oxygen 
OM Organic Matter 
p Level of probability 
P Paddy 
PFPA Pentafluoro-Propionic acid 
R2 Coefficient of Determination 
SD Standard Deviation 
SOC Soil Organic Carbon 
SOM Soil Organic Matter 
SON Soil Organic Nitrogen 
Tab. Table 
WRB World Reference Base of Soil Resources 
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As of August 2016, the world population was estimated at 7.4 billion (UN 2015). The United 
Nations estimate it will further increase to 11.2 billion until the year 2100. Rice is the staple 
food for over 50% of the world population and provides 20% of the world’s dietary energy 
supply (FAO 2004). More than 80% of the world rice production is carried out under wet rice 
field management, which includes ploughing and puddling of the soil under submergence and 
followed draining of fields, processes that initiate the development of so-called anthropogenic 
paddy soils (Datta 1981; WRB 2014). One major problem in these paddy soils is the low 
nitrogen (N) use efficiency (Cassman et al. 1996; Kögel-Knabner et al. 2010) caused by high 
N2O emissions, NO3-  leaching and N sequestration in the soil (Cassman et al. 1996b; 
Geisseler et al. 2010a, Roth et al. 2011, Jiang et al. 2013). 
Nitrogen (N) is a major nutrient, controlling the plant growth. As a limiting growth factor, the 
concentration and availability of N is closely related to biological productivity (Knicker 
2007). Due to exponential rise of the world population and the mentioned role of rice, the 
productivity and economic efficiency of rice cultivation is crucial for the nutrition of 
mankind. 
Long-term paddy management is considered to accumulate soil organic matter (SOM) 
(Kögel-Knabner et al. 2010). More than 90% of soil N is bound in SOM (Stevenson 1982), 
defined as soil organic nitrogen (SON) General in soils, the N accumulation takes place at a 
scale of days to decades (Amelung et al. 2006) and many different stabilization processes take 
part (Schulten und Schnitzer 1997). Major pathways are ageing of SON bound in peptides, 
and incorporation and accompanied sequestration of SON into soil microbes and their 
residues (Geisseler et al. 2010). Parts of the dead microbial biomass, with incorporated SON, 
get preserved in the soil and enable N ageing. Presumably this preservation is supported by 
organo-mineral interaction (Lützow et al. 2006, Schrumpf et al. 2013).   
Another often underestimated SON sequestration pathway may be accumulation of pyrogenic 
organic N, which derives from incomplete combustion of plant and litter peptides (Knicker 
2007). The traditional burning of rice straw favors accumulation of soil organic carbon (SOC) 
(Lehndorff et al., 2014). However, the effect of straw burning on SON accumulation in paddy 
fields is yet unknown.  
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Several studies showed that long-term paddy management influences morphological, 
biological, physical and chemical properties in soils (e.g. Huang, 2014, Kögel-Knabner et al. 
2010). Presumably this such redox related processes are responsible also for enhanced N 
sequestration in paddy soils. However, I am not aware of any study which determined the 
influence of soil-specific mineral assembly of the parent material on SON sequestration under 
paddy management. Thus, I focused on paddy soils which formed from different parent 
materials (Alisols, Andosols, Vertisols, Gleysols), to elucidate if their SON sequestration is 
influenced by paddy management. Adjacent non-paddy soils served as references. I used N 
biomarker, like amino sugars and amino acid enantiomers, to elucidate whether SON 
sequestration in peptides and microbial residues is stronger under paddy compared to non-
paddy management. Additionally, I analyzed charred organic matter (black carbon) and tried 
to identify black N forms via X-ray photoelectron spectroscopy (XPS) to elucidate the portion 
of pyrogenic SON sequestration.  
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Fig.I 1: Typical horizon sequence of a 
rice paddy soil (horizon 
designation according to FAO, 
2006) (Kögel-Knabner et al., 
2010) 
2 State of the art 
 
2.1 The importance of rice 
Rice is one of the three leading food crops in the world. Rice, wheat and maize supply more 
than 50% of all calories consumed by the entire human population. Of these three major 
crops, rice is the most important food source for people in low- and lower-middle-income 
countries (FAO 2015). In Asia, rice consumption is very high, exceeding 100 kg per capita 
annually in many countries. Since the green revolution in the 1960s the total global rice 
consumptions raised from 150 to over 500 million tons 
per year (FAO 2004, 2016). Typically rice production is 
performed under wet rice field management which has 
shaped a specific type of wetland soil (WRB, 1998) – 
the so called paddy soils.  
 
2.2 Paddy soils and their characteristic 
biogeochemistry 
According to the World Reference Soils Base (WRB 
1998), paddy soils are classified as Hydragric 
Anthrosols and can originate from any soil type. They 
develop specific biogeochemical characteristics due to 
frequent submergence and drainage of the rice field, 
tillage under flooded conditions (the so called puddling), 
high liming and fertilization (Gong 1983, Kirk, 2004). In 
consequence, the paddy soils develop a characteristic 
soil profile (Fig.I 1). During seasonal flooding, a layer of 
standing water (W) covers the soil, followed by a thin 
oxic zone (Apo) caused by oxygen release from rice 
roots. Due to submergence, the topsoil is developed as 
an anthraquic horizion (Ap). The upper part is the 
reduced puddled layer (Arp) which is densely rooted and 
rich in organic matter. 
The puddling with tractors or water buffalos leads to the formation of a plough pan (Ardp) 
below the puddled layer (Kögel-Knabner et al. 2010). The compacted plough pan decreases 
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infiltration rates and ensures submergence. The density of the plough pan depends on the 
duration of rice cropping and puddling intensity (Janssen und Lennartz 2007). Those 
hydraulic properties control the water infiltration into the underlying subsoil (B). Flooding 
and fertilization practices, as well as straw management, differ in dependence of social, 
economic and climatic conditions between regions (Fusi et al., 2014).  
The changing redox conditions strongly affect organic and mineral soil components of the 
soils (Kögel-Knabner et al. 2010b). Under oxic conditions, microorganisms use oxygen (O2) 
as an electron acceptor for respiration. Under anaerobic conditions alternative electron 
acceptors are utilized to obtain energy following the decreasing redox potential (Eh). 
Subsequently, nitrate (NO3-), iron (Fe3+) and sulfate (SO4-) get reduced. Due to this, paddy 
soils are known as emitters of greenhouse gases like methane and nitrous oxides (Cai et al. 
1997; Hua et al. 1997) and were mentioned in the IPCC (Intergovernmental Panel on Climate 
Change) report as contributors to climate change (Smith et al. 2007). On the other hand, 
paddy soils were listed in the Kyoto protocol as C and N sink. SOM accumulates because of 
high inputs of plant residues and organic fertilizers (Neue et al. 1997) and presumably the 
frequent change of redox conditions decreases decomposition of SOM (including SON) due 
to reduced microbial degradation processes during anaerobic phases (Kögel-Knabner et al. 
2010b). Ensuing SOM stabilization occurs by occlusion into stable aggregates, adsorption to 
clay or organo-mineral interaction, e.g. iron oxides (Olk et al. 1996; Schmidt-Rohr et al. 
2004; Kögel‐Knabner et al. 2008 ; Mikutta und Kaiser 2011; Said-Pullicino et al. 2015). 
However, paddy management appears on a variety of soil groups with different pedogenic 
properties and the soil groups may obtain different sensitivities to paddy management (e.g. 
Huang et al. 2015). To which extend the properties of the original parent material are crucial 
for SOM accumulation in paddy soils is still unknown. The SOM included over 90 % of 
nitrogen (N).  
 
2.3 Soil organic nitrogen (SON) in paddy soils 
N dynamics are one of the most complex biogeochemical cycles in agriculture (Said-Pullicino 
et al., 2014) and beside C, N is the most important element in agricultural systems (Schulten 
und Schnitzer 1997). 
In soils approx. 40-50% is proteinaceous material (proteins, peptides, and amino acids), 5-
10% are amino sugars, 20-35% are heterocyclic N compounds, 10-19% NH3, whereas 1/4 of 
the NH3 is fixed as NH4+ (Schmidt-Rohr et al. 2004, Schulten und Schnitzer 1997; Knicker 
2007). 
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Main input pathways into soil are via biological N fixation, irrigation, precipitation, OM input 
(e.g. plant residues), mineral and organic fertilization. N losses occur in form of plant uptake, 
volatilization, denitrification, leaching and runoff (Stevenson 1982, Cassman et al. 1996a 
Brodowski et al. 2005, Jiang et al. 2013). Further N transformation processes in soils are 
nitrification, ammonification and sequestration (Stevenson 1982; Kyuma 2004, Jiang et al. 
2013). Major problem in paddy soils is the high SON sequestration (Said-Pullicino et al. 
2014) and resulting low fertilizer use efficiency (Zhao, 2009 ). The SON sequestration 
processes and determining factors in paddy soils are still unclear. Furthermore we are not 
aware of any study that determined the specific impact of original soil properties (Fe, 
allophanes, clay) on N sequestration in paddy soils.  
 
2.3.1 SON sequestration in paddy soils 
N sequestration processes operate at scales of decades and involves the bonding of ammonia 
to lignin-phenols (Schmidt-Rohr et al., 2004), ageing in peptides (Amelung et al. 2006), 
microbial SON immobilization by bacteria and fungi (Ding et al. 2011) and pyrogenic SON 
input due to the traditional burning of crop residues favors an increase of SON stability 
(Knicker 2007). 
Through chemical and physical binding, SON associates with organic and inorganic 
substances, such pedogenic oxides, clay minerals and soil aggregates (Constantinides und 
Fownes 1994, Chantigny et al. 1997, Cheshire et al. 2000, Amelung et al. 2001, Mikutta et al. 
2010, Chen et al. 2014). Such conserved SON can even persist in the soil for centuries to 
millennia (Amelung 2003, Mikutta et al. 2010).  
It is assumed, that anaerobic conditions in paddy soils, i.e. chancing redox potential, favor N 
ageing in peptides and high microbial immobilization of N via organo-mineral interactions 
(Kögel-Knabner et al., 2010; Olk et al., 2007; Said-Pullicino et al., 2014). According to this, 
previous studies suggested that paddy soils sequester significant amounts of SON in a) 
peptides, b) microbial residues and c) charred organic matter (Roth et al. 2011, Roth et al. 
2013, Lehndorff et al. 2014, Said-Pullicino et al. 2014).  
 
a) SON sequestration in peptides 
Amino acids contribute up to 45% to SON contents in soil (Stevenson, 1982, Amelung 2003) 
and are the basic structure of proteins and peptides, which originate from plants, 
microorganism and other living tissues. These peptide bound amino acids are involved in N 
turnover and contribute an important energy source for microorganisms (Senwo et al. 1998). 
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Amino acids are found in two enantiomeric forms: left handed L- and right handed D-form 
(Bada, 1984). The composition of D/L-enantiomers and different physical-chemical 
properties of the R-groups of amino acids can help to elucidate N cycling processes. Living 
cells almost consist of L-enantiomers (Jonas, 2005). There are two main pathways for the 
formation of D-enantiomers. First, microbes are known to produce D-enantiomers and 
incorporate them into their cells walls and therefore protect them from cell-own protease ( 
Schleifer and Kandler, 1970, Amelung, 2003). Due to this, D-enantiomers are suitable 
biomarkers for bacterial N sequestration; particularly D-alanine and D-glutamic acid 
(Amelung, 2003). Second, after cell death a very slow abiotical racemization takes part 
converting aspartic acid and lysine from L- into D-enantiomers (Bada, 1984). This process 
can be used as marker for N aging. The assessment of the protein age give us an important 
clue of the residence time of SON. Amelung (2003) found changes in bacterial N 
sequestration under different climates, cropping systems and duration of cropping. In a 
greenhouse experiment with 13C labeled paddy soils, Roth (2011) found a reduced 
rhizodeposition in older paddies and related this to a better adapted microbial community.  
Thirdly, the R-groups of amino acids can be classified by their general physical-chemical 
properties of their R groups. The main groups are polar/neutral, nonpolar (hydrophobic), basic 
and acidic amino acids. Specific amino acid R-group composition is an indicator for soil 
properties (Schulten and Schnitzer, 1998) and differ between cultivation and management 
practices (Senwo, 1998, Friedel, 2002, Martens 2003). Up to now a potential change of amino 
acids R-group composition in paddy soils compared to non-paddy soils is not well studied. If 
some amino acid groups are enriched or depleted is also not studied yet. Further the influence 
of the parent material on SON sequestration in specific amino acid R-groups is unknown.  
In summary, determination of amino acid enantiomers allows us a deeper view into the 
dynamics of the SON cycle. However, actually no studies were available on the influence of 
paddy management on SON sequestration and accompanied ageing in soil peptides and the 
assumed influence of parent material as stakeholder for organo-mineral interactions.  
I assume that paddy management does not only promote the sequestration of soil N in amino 
acids, but that the degree of the SON storage differs among different major reference soils and 
their site-adapted paddy management practice. 
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b) SON sequestration in microbial residues 
The build-up of microbial biomass is a key factor in SOM accumulation and stabilization 
(Miltner 2012). Microbial community transforms SOM and SON in fungal and bacterial cell 
walls within proteins in forms of amino sugars (up to 10% of SON) or amino acids (up to 
45% of SON) (Guggenberger et al., 1999; Roth et al., 2011). 
The incorporated N becomes partly unavailable for plants (Geisseler et al. 2010). Immobilized 
N, however, can be remineralized again. The turnover rate depends on different factors. 
Ammonification is enhanced by aeration, high temperatures and a high amount of clay with 
high cation exchange capacity. It is furthermore influenced by the composition of OM (e.g. 
C/N ratio), pH and soil moisture (Kyuma, 2004, Blume et al., 2010, Kögel-Knabner et al., 
2010, Ding et al., 2015).  
To get a closer view into the microbial community I used amino sugars as biomarker for 
microbial N sequestration. Amino sugar allow the differentiation between fungal and bacterial 
residues in soil. These microbial groups are the largest functional groups in soils, whereas 
archaea and protozoa contribute only 1–2% (Gattinger et al. 2002). The most important amino 
sugars are glucosamine, galactosamine, muramic acid and mannosamine (Amelung et al. 
2001). 
Glucosamine mostly originates from fungal chitin and muramic acid uniquely derives from 
bacteria (Parson 1981). Fungi and bacteria were separated because of their different functional 
behavior in soils. Fungi favor acidic soils with low available nutrients, recalcitrant organic 
materials, and high C/N ratios and use organic substance more efficiently than bacteria 
(Holland und Coleman 1987; Blagodatskaya und Anderson 1998). Due to this the population 
of fungal hyphae grow slowly, but are more resistant against further microbial decomposition 
than bacterial polymers (Webley und Jones 1971; Guggenberger et al. 1999). In nutrient-rich 
soils the bacterial community is more pronounced. They prefer more easily decomposable 
substrates, which promote a rapid growth, a fast cycling of nutrients and allow a quick 
response to environmental changes (Ingwersen et al. 2008; Amelung et al. 1999; Roth et al. 
2011). High nutrient contents are often combined with higher organic matter input by plants, 
which, in turn, promoted by increasing land use intensity, like fertilization, tillage, crop 
variant and rotation (Frey et al. 1999; Högberg et al. 2003). Paddy soils are usually very 
intensive landuse systems with e.g. high fertilization applications and deep ploughing (so 
called puddling). Presumably this favors bacterial more than fungal growth. According to this 
Roth et al. (2011) determined a higher bacterial N sequestration in paddy soils compared to 
adjacent non-paddy soils.  
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I assume that the slower builded-up microbial residues (due to decreased SOM 
decomposition) became protected from further decay thru mineral-organo interactions which 
were promoted by changing redox potential in paddy soils. As a result paddy soils should 
sequester more nitrogen in microbial residues compared to other cropping systems. I 
hypothesizes that the paddy management leads to higher proportion of bacteria (vs. fungi) 
related to non-paddy managed soils due to better management adaptability (like waterlogging, 
puddling and intensive fertilization). Further, it is unknown how far the paddy management 
on different soil groups changes the N sequestration in microbial residues, and especially in 
bacterial residues is so far unknown. Especially the impact of soil properties (e.g. soil 
minerals) on further conservation of SON is still unknown. I hypothesized that the mineral 
assembly of the original parent material is crucial for long-term N sequestration in microbial 
decomposed soil organic nitrogen via mineral-organo interactions. 
 
c) SON sequestration in charred organic matter 
Paddy soil crop rotations frequently receive additions of considerable amounts of burned rice 
straw. In Chinese paddy management this tradition leads back to at least 6000 years (Cao et 
al., 2006). Thus, elevated black carbon concentrations were found in recent and buried top 
soils of the paddy soils of the Cixi area, China (Lehndorff et al., 2014), even if the 
contribution to total SOC did not exceed 10%. Yet, the incorporation of burned carbon 
structures should also include heterocyclic, aromatic N forms (e.g. Knicker, 2007). Mikutta et 
al. (2010) found that even 18-34% of N was aromatic N in aerated soils of Hawaii, which was 
likely a result of pyrogenic OM input. In previous studies found that at least about 50% of 
paddy´s SON was not related to microbial-bound SON (Roth et al., 2011) and proteinaceous 
amino acid SON (unpublished data). Hence, I assume that may thus also be a significant 
contribution of black N to stable SON stocks in paddy fields.  
Further, there is evidence that the turnover of BC in soils also depends on the soil mineral 
assembly. I hypothesis that overall BC storage in soil relates to paddy management and the 
abundance of reactive mineral phases such as Fe and Al oxides, and clay-sized minerals. 
Parallel to BC, black nitrogen (BN) should accumulate in soil. 
If paddy management leads to accumulation of N in heterocyclic, aromatic forms may be 
revealed by X-ray photoelectron spectroscopy (XPS; Abe et al., 2005; Mikutta et al., 2010). 
For example, Ding et al. (2014) related the aromatic N peak in the XPS N 1s spectra to black 
N in water samples and found a coupling between “dissolved” black N and BC. Here, I tested 
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whether this method is applicable to rice char and soil, and if a correlation of BC to aromatic 
N in soil exists. 
 
2.4 Long-term N sequestration via organo mineral interactions 
Stabilization of OM by interactions with minerals is of increasing importance for long-term N 
sequestration. Upon frequent tillage, however, and possibly even more during the puddling in 
rice management followed by dryland cropping, interactions of SOM with soil minerals 
influences increasingly the fate of SOM (Lützow et al., 2008). Flessa et al. (2007) suggested 
that there was an average turnover of 200 years for mineral-bound OM in soils cropped with 
maize, which is 4 times more than its turnover of SOC in the bulk soil. Transferred to SON, it 
should thus be possible to differentiate short- and long-term SON cycles when differentiating 
whether this SON is bound to minerals or not. 
The SOM maybe bound to the mineral phase by ligand exchange at edge sites of 
phyllosilicates and mineral surface hydroxyl groups (e.g. ferrihydrite; Kleber et al., 2005), or 
by polyvalent cation bridges due to the permanent loading of clay minerals (Kahle et al., 
2002). Association to hydrophobic surfaces on non-charged mineral surfaces (van der Waals 
forces) was observed for acidic (forest) soils but may only play a minor role in paddy soils 
(Chenu et al., 2000; Lützow et al., 2008).  
With regard to SON in peptides and microbial residues, amino acids and amino sugars can be 
bound to minerals by cation exchange reactions of their amino group or by ligand exchange 
with metal hydroxides by their carboxyl group (Cheshire et al., 2000). The latter process 
dominates in clayey soils. This is in accordance with observations by Kaiser and Zech (2000) 
who also found a preferential binding of muramic acid to minerals via its carboxylic group 
rather than via its N group. Besides, amino acids can also be bound to the interlayer spaces in 
phyllosilicates and remain there for millenia (Cheshire et al., 1992). Soils with different 
parent materials may thus exhibit different stabilization mechanisms for amino acid N. 
The suggestion that different parent materials contribute to different storage of SON was, e.g., 
investigated by Moritz et al. (2009). They reported for tropical forests that the sedimentary 
substrates preserved higher amounts of amino sugars than metamorphic, ultrabasic substrates 
and linked this to changes in iron oxide crystallinity in the subsoil. Another study on the 
mineralogical impact on organic nitrogen sequestration was later on published for a 
chronosequence of aerated, volcanic soils in Hawaii (Mikutta et al., 2010). The authors 
investigated amino sugars, amino acids and the 14C content of mineral-bound SON and could 
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show a strong initial association of acidic amino acids to metal(hydro-)oxides, organic 
precipitates and variable-charge minerals (intermediate weathering, 20-400 yrs.). In the final 
weathering stage of the chronosequence (1400-4100 yrs.) with well-crystalline mineral phases 
in the soil, less SON was preserved and particularly acidic amino acids where depleted while 
aromatic N dominated. The mineral-associated N in the crystalline topsoils seemed to be 
actively involved in the nitrogen cycle. 
Under paddy management, i.e. frequent submergence, SOC and N concentrations are 
generally higher in the surface soil horizons compared with aerobic agricultural soils (e.g. Olk 
and Cassman, 1996; Li et al., 2005). The redox cycle may lead to increasing precipitation of 
poorly crystalline oxides that preferentially preserve OM in dry phases (Cheshire et al., 2000; 
Kleber et al., 2005). In addition, microbial cycling rates may be directly affected by mineral 
surfaces. Incubating forest litter with different minerals, for instance, suggested that litter 
turnover and microbial synthesis of amino sugar N was inhibited in the presence of Al oxides 
and, to a lesser degree, by Fe oxides but enhanced by Mn oxides (Miltner and Zech; 1999; 
Amelung et al., 2001); these processes being more pronounced for fungal amino sugars than 
for the bacterial ones. Whether these findings imply, for instance, that also in Andosols the 
turnover of paddy SON is reduced and driven by bacteria compared to Alisols and Vertisols, 
respectively, is still unclear. 
 
3 Objectives 
Paddy management was shown to influence soil properties, such as OM contents and 
turnover. This suggests that N dynamics in paddy soils differ from other, aerobic cropping 
systems, however, it was not yet shown if this can be transferred to different soils of the 
world. Particularly the N sequestration in peptides, microbial and pyrogenic residues is 
enhanced in paddy soils. However, it is still unclear if there are differences related to the 
mineral assembly of the soil parent material. In rice production areas in Asia Vertisols, 
Alisols and Andosols represent a huge range of soil properties from clay-rich soil to soils with 
high portions of reactive Fe and Al mineral phases. In Europe, Italy is the largest rice 
producer and mostly Fluvisols in the Po valley were under paddy management.  
Therefore, I compared five paddy and non-paddy soil pairs from different parent materials to 
answer the following research questions:  
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i. Does paddy management lead to N sequestration in peptide bonds? 
Here, I hypothesized that paddy management promotes the storage of SON, especially via 
sequestration in amino acids. The degree of SON and amino acid storage differs among 
different major reference soils under paddy management. To test these hypotheses, I sampled 
triplicates of five pairs of paddy and non-paddy cropped soils, developed on different parent 
materials, and I assessed soil N stocks, amino acid-N stocks, and the amino acid enantiomer 
composition. In order to elucidate the interactions between SON storage and the amount of 
pedogenic oxides, I repeated amino acid enantiomer analyses after treatment of samples with 
dithionite‒citrate‒bicarbonate (DCB). 
 
ii. Do bacteria or fungi promote high microbial N sequestration in paddy soils?  
I assumed that paddy management leads to higher portions of immobilized SON in bacterial 
cell wall residues (vs. fungal SON) compared with non-paddy managed soils due to better 
management adaptability of bacteria (like waterlogging, puddling and intensive fertilization). 
Therefore, I assessed soil organic carbon (OC) stocks, N stocks and δ15N isotope 
composition and combined this with an estimation of bacterial and fungal residue-N in soil 
via amino sugar analysis in paddy and adjacent non-paddy soils developed from major 
reference soil groups. 
 
iii. To which extent can N sequestration in paddy soils be assigned to the input of 
charred organic matter? 
Large amounts of N in soils exist in unidentified forms. Here, I assessed the storage of C and 
N in pyrogenic forms. The accumulation of pyrogenic N in soil due to inputs of black 
nitrogen (BN) is not yet well understood, I aimed to detect parallels in soil black carbon (BC) 
and BN contents. I elucidated the possible effects of paddy versus non-paddy management, 
and different major reference soil groups on the storage of BC via BPCA analysis. X-ray 
photoelectron spectroscopy (XPS) should reveal if straw burning in paddy management led to 
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1 Introduction 
Soils under submerged rice management, i.e., paddy soils, may promote nitrogen (N) 
sequestration (e.g. Kögel-Knabner et al., 2010; Cucu et al., 2013; Kölbl et al., 2014). 
Nevertheless, paddy soils exhibit a low N fertilizer use efficiency (Cassman et al., 1996; Zhao 
et al., 2009), and low plant availability of the residual N (Olk et al., 1996; Schmidt-Rohr et 
al., 2004; Jiang et al., 2013). The latter is due to efficient sequestration of N in organic forms 
(Constantinides and Fownes, 1994; Schmidt-Rohr et al., 2004; Roth et al., 2011; Jiang et al., 
2013). The N sequestration takes place at a scale of days to decades (Roth et al., 2011), and 
likely involves bondings of ammonia to lignin-phenols (Schmidt-Rohr et al., 2004) as well as 
microbial N immobilization by bacteria and fungi (Roth et al., 2011; Said-Pullicino et al., 
2014). However, the level of N sequestration is highly variable among different paddy soil 
units, and the underlying processes have not yet been not fully understood. In topsoil, most N 
is organically bound.  
A large part of this soil organic nitrogen (SON) could be assigned to amino acids (AA), which 
usually comprise up to 40% of SON (Schulten and Schnitzer, 1997; Amelung, 2003). Amino 
acids are the basic structures of proteins and peptides. They may originate from plants, 
microorganisms, and other living tissue. They are important energy sources for 
microorganisms (Senwo and Tabatabai, 1998; Geisseler et al., 2010). Several studies showed 
that amino acid composition differs among soils under different management practice (Senwo 
and Tabatabai, 1998; Friedel and Scheller, 2002; Martens and Loeffelmann, 2003). Analyses 
of amino acid composition and their charge distribution (polar/neutral, nonpolar 
(hydrophobic), basic, and acidic amino acids can help to elucidate changes in the cycling of 
SON in paddy soils (Schulten and Schnitzer, 1997), particularly, when assessment of amino 
acid enantiomers is included (Amelung et al., 2006).  
Amino acids namely exist in the left handed (L-) and right handed (D-) enantiomeric form 
(Bada, 1985). Living cells almost exclusively contain L-enantiomers. There are, however, two 
main pathways for the formation of peptide-bound D-enantiomers. First, microorganisms 
produce specific D-enantiomers and incorporate them into their cells walls in order to protect 
them from the cells’ own proteases (Schleifer and Kandler, 1970; Poinar et al., 1996). These 
D-enantiomers, particularly D-alanine and D-glutamic acid, are suitable biomarkers for 
bacterial N sequestration processes (Pelz et al., 1998; Amelung, 2003). Second, after the death 
of cells, slow racemization transforms L- into D-amino acids as, e.g., shown for teeth and 
bones (Bada, 1985; Maroudas et al., 1998) and for buried soil or sedimentary organic matter 
(Kimber and Hare, 1992; Amelung, 2003). The respective D-amino acids then serve as 
II. Nitrogen sequestration under long-term paddy management in soils developed on contrasting parent material 
15 
markers for relative SON aging, here, particularly D-aspartic acid and D-lysine (Brodowski et 
al., 2005; Amelung et al., 2008). It is, thus, reasonable to assume that biogeochemical 
processes during paddy soil formation will also affect microbial N turnover (Marumoto, 1984; 
Matsumoto and Ae, 2004) and lead to an ageing of AA-N.  
Much of the organic matter in soil is bond to oxides and clay minerals (Lützow et al., 2006; 
Schrumpf et al., 2013), which are thus considered as main stabilizing agents (Kögel‐Knabner 
et al., 2008). Paddy soils, however, are prone to frequent redox cycles (Kögel-Knabner et al., 
2010): Fe oxides undergo reductive dissolution under anoxic and re-precipitation under oxic 
conditions. As result, the contents of poorly crystalline Fe oxides (determined as oxalate-
extractable Feo) increased and those of crystalline Fe oxides (Fec=dithionite-citrate-
bicarbonate extractable Fed ‒ oxalate soluble-extractable Feo) declined with prolonged paddy 
management (Zhang and Gong, 2003; Kölbl et al., 2014; Winkler et al., 2016). Pedogenic Fe 
oxides, however, are usually much more reactive than their crystalline counterparts 
(Borggaard, 1982), which may contribute to either the turnover of SON during dissolution 
(Kleber et al., 2005) or to its stabilization by the formation of Fe-soil organic matter (SOM) 
co-precipitates (Mikutta et al., 2010; Chen et al., 2014). Presumably, redoximorphic dynamics 
in paddy soils co-regulate N immobilization. However, we are not aware that this kind of 
organo-mineral interaction has been tested for paddy soils. 
Here, we hypothesized that paddy management effects on the storage of AA-N relate to the 
soil mineral assembly. To test this hypothesis, we sampled triplicates of five pairs of paddy 
and non-paddy soils, formed from different parent materials, and we assessed soil N stocks, 
amino acid-N stocks, and the amino acid enantiomer composition. In order to elucidate the 
interactions between SON storage and the amount of pedogenic oxides, we repeated amino 
acid enantiomer analyses after treatment of samples with dithionite‒citrate‒bicarbonate 
(DCB). 
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2 Materials and methods 
Sampling 
We sampled five soils developed on contrasting parent material under paddy and adjacent 
non-paddy management (Fig.II 1), and described and classified them according to FAO 
(2006) and World Reference Base for Soil Resources (IUSS Working Group WRB, 2014).  
Soils under paddy management were all classified as Anthrosols (Tab.II 2, see also chapter IV 
2 for detailed soil description), however, 
for better clarity in the text, we name 
them according to the respective non-
paddy soils, which were their precursors 
(e.g. Vertisol-derived paddy). Only the 
counterpart of the Fluvisol-derived paddy 
soil was classified as Gleysol. The paddy 
soils had characteristic puddled layers and 
were at least 100 years under paddy 
management (for details and soil horizon 
description see Lehndorff et al., 2016 and 
Winkler et al., 2016). The sites were 
located in Indonesia, Java (Andosols, Alisols and Vertisols), in China (Alisols) and Italy 
(Fluvisol/Gleysol) (Tab.II 1). The Indonesian sites were cropped with two rice periods per 
year, whereas the Chinese and Italian sites were cropped with one rice period per year. For 
each type of soil, three profiles (one main, two subsites) were dug down to at least 100 cm 
depth per paddy and non-paddy variant (pairs of paddy and non-paddy soils were selected 
according to similarities in parent material, all soils were at least for one century under 
permanent paddy or non-paddy cultivation). An exception was the site in Italy, where only 
one field site was available. The distance between adjacent profiles (on different plots) was 
about 50-300 m at each sampling site. Soil samples were taken destructively per horizons as 
defined according to FAO (2006). Topsoils samples represent the upper 30 cm and subsoils 
the 30-100 cm soil horizons (summarized from the single sampled and analyzed horizons; 
Tab.II 2 and Tab.VII 1 in Appendix B). In addition, we took undisturbed soil cores (100 cm3, 
n=3) from each horizon for the assessment of bulk density. Soil samples of each horizon were 
air-dried at 40 °C, sieved to a size of <2.0 mm and ground for laboratory analysis.  
 
Tab.II 1: Locations of the paddy and non-paddy soil sites 
under study. 
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Tab.II 2: Soil classification, sampling location, climate and crop history for Indonesia, China and Italy. 
 
 
Basic laboratory analyses 
For the Indonesian and Chinese sites, texture, bulk density, pH, CEC, total C and N, organic 
carbon (OC), as well as oxalate- (Feo) and dithionite–citrate–bicarbonate-extractable Fe (Fed) 
were taken from Winkler et al. (2016). Total C and N were measured in duplicate by dry 
combustion at 950 °C using a Vario MAX elemental analyzer (Elementar Analysensysteme, 
Hanau, Germany). In case of carbonates, inorganic C (IC) content was determined by 
dissolution of carbonates with 42% phosphoric acid and subsequent infrared detection of the 
evolving CO2 (C-MAT 550, Ströhlein GmbH, Viersen, Germany). Contents of IC were 
subtracted from total carbon contents to obtain the organic C (OC) contents. Iron (Fe), Mn, 
and associated Al were extracted in duplicate by dithionite–citrate–bicarbonate (DCB) 
treatment according to Mehra and Jackson (1960). The remaining soil was filtered, washed 
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with distilled water, and then air-dried. A subset of these residues, namely one topsoil horizon 
sample (0-15 cm) and two subsoil horizons samples (≈30-40 and ≈40-50 cm) of each paddy 
and non-paddy main site pair were then subjected to the analyses of amino acid enantiomers.  
 
Analyses of amino acids  
As microorganisms are known to synthesize a variety of D-amino acids in free and water-
soluble forms (Nagata et al., 1998), free amino acids were removed with 1 M HCl (12 h, 25 
°C; Kvenvolden et al., 1970; Amelung and Zhang, 2001). Then, protein-bound amino acids 
were hydrolyzed with 6 M HCl and processed as described by Amelung and Zhang (2001). 
Briefly, L-norvaline was added as internal standard after hydrolysis. The hydrolysate was then 
filtered and dried by rotary evaporation. Purification was conducted by using cation exchange 
resins. Oxalic acid was used for metal removal, followed by 2 M ammonium hydroxide for 
amino acid elution, and then, non-soluble substances were removed by centrifugation. D-
methionine was added prior to derivatization to determine the recovery of the internal 
standard. For derivatization to N-pentafluoropropionyl isopropyl esters, dried samples were 
esterified with 4 M HCl in isopropanol. Then, dichloromethane and pentafluoropropionic 
anhydride were added to the dry amino acid-ester hydrochlorides. The N-N-
pentafluoropropionyl-isopropyl-ester derivatives were measured on a gas chromatograph-
mass spectrometer (GC-MS) (Agilent 5971, Agilent GmbH, Böblingen, Germany) using a 
chiral column (CP-ChiraSil-L-Val CP7495, Agilent, 25 m, I.D. 0.25 mm, film 0.13 µm). For 
further details on the method and the GC-MS temperature program, see Amelung and Zhang 
(2001). On average, > 80% of L-norvaline was recovered after sample processing. The main 
soil profiles were characterized for their contents of D-/L-amino acids up to 100 cm depth for 
each single horizon. For the two subsites, these analyses were restricted to the first, second 
and fifth classified soil horizon. As these data corresponded well to the data of the main sites, 
we linearly interpolated the values for the third and fourth horizon for calculating the mean 
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amino acid contents of the two subsites. The interpolation changed the average amino acid 
stocks per site by less than 6% relative to the calculation of means where we used measured 
data only.  
 
Statistical analysis 
Data were statistically compared using Sigma Plot 13 (Systat Software Inc.; San Jose, USA) 
and STATISTIKA 8.0 (Stat-Soft, Inc.). Differences in total N stocks, AA-N stocks and D/L 
ratios of alanine, glutamic acid, aspartic acid and lysine of the top- and subsoils were tested 
between soils (ANOVA) and for the combined effect of paddy and non-paddy management of 
the different soil groups (MANOVA). 
Linear and multiple regression were used for testing correlations between DCB Fe-, Al and 
Mn contents, pH, CEC, particle size distribution with bulk soil amino acid contents and D/L 
composition. 
 
3 Results  
N stocks in paddy and non-paddy soils 
The total N stocks down to 100 cm depth varied from 5.0 to 14.6 t ha-1 in paddy and non-
paddy soils. Andosols had highest total N stocks with 14.6 t ha-1 under paddy, and 10.8 t ha-1 
under non-paddy management, of which the topsoils (0-30 cm) contained 9.4 and 6.7 t N ha-1 
for the paddy and non-paddy management, respectively (Fig.II 1). The lowest N stocks under 
paddy management were observed in the Vertisols with 6.1 t ha-1 (100 cm soil depth; 2.7 t ha-1 
in the topsoil). The lowest N stocks under non-paddy management were observed in the 
Chinese Alisols (5.0 t ha-1 for 100 cm depth; 2.1 t ha-1 for the topsoil). Hence, management 
effects on total N storage in topsoils (0-30 cm) was site-specific: larger topsoil N stocks 
occurred under paddy management for Andosols (P <0.05), the Chinese Alisols (P <0.05), 
and in tendency also for the Fluvisol (significance not tested due to n=1 profile pair), whereas 
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no such effects were found for the Javanese Alisols and the Vertisols (Fig.II 1). Hence, the N 
stocks of the topsoils were significantly different between soils developed on contrasting 
parent materials (p<0.01), except between Vertisols and Chinese Alisols (p=0.9). 
Paddy management did not affect N stocks in the subsoils (p>0.05). The N stocks of the 
subsoils also showed minor differences between the soil groups. Only the subsoils of the 
Javanese Alisols were significant different from all other subsoils (p<0.05). Total stocks of N 
were largest for the volcanic soils (Andosols and Javanese Alisols) with high oxide and 
reactive minerals stocks (sum of dithionite-extractable FeD, MnD, and AlD; Fig. S1, 
Supplementary Materials) and smallest for oxide-poor soils. Overall, we found a weak 
correlation between N stocks to AlD and FeD stocks (R2=0.35-0.45, p<0.05; Fig.VI 2 in 
Appendix A). No clear relations of N to other soil properties such as texture, CEC, or pH 
were found.  
 
Fig.II 1: (a,b) Soil nitrogen (N) including amino acid-N (AA-N) stocks in paddy (P) and non-paddy (NP) (a) top- 
and (b) subsoils of five major reference soil groups (3 field replicates, except for Italian site); the 
asterisks * and ** indicate significant difference between paddy and non-paddy management at p<0.05, 
and p<0.01 level of probability, respectively. Additional effects on N accumulation may result from 
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Amino acid stocks  
In the studied soil horizons, 7-40% of N was bound in amino acids. Especially in topsoils and 
subsoils of the Chinese Alisols, amino acid contents were low (Fig.II 1), and so were the 
contributions of amino acids to total N (Fig.II 2).  
When comparing all paddy and non-paddy managed soil profiles, there were no significant 
differences in the proportion of AA-N to N among sites, except for the Chinese Alisols 
(p<0.05). The top- and subsoils of the paddy managed Chinese Alisols contained significantly 
larger AA-N stocks than their non-paddy counterparts (p<0.05).   
Between the major reference soil groups, the topsoil AA-N stocks were significantly different 
(p<0.01), except between Vertisols and Chinese Alisols (p= 0.5). Hence, the AA-N stocks 
were rather related to site than to differences in paddy/non-paddy management. In Andosol 
top- and subsoils, N comprised 30 - 40% in amino acids, a portion, which was not reached by 
the other four soil groups (Fig.II 2). In general, the soils with the largest N stocks also tended 
to have the largest AA-N stocks (Fig.II 1, Fig.II 2).  
We assumed that the soil mineral assembly controlled the degree of microbial N 
sequestration. However, we did not find any correlations between AA-N stocks with soil 
variables such as particle size distribution, pH, DCB-extractable FeD, AlD, and MnD stocks 
(Fig.VI 2, in Appendix A) or CEC (linear regression R2=0.1-0.3, p<0.05). Also, we found no 
correlation of AA-N stocks to oxalate-extractable Fe and Al contents (data from Winkler et 
al., 2016). Besides, when using a multiple linear regression to determine the influence of two 
or more independent variables on the stocks of AA-N or their contributions to soil N, we did 
not obtain a coefficient of variation exceeding 0.2-0.3 (e.g., Fig.VI 2 in Appendix A). 
Therefore, we have to refrain from relating overall N sequestration in amino acids to single 
soil group specific properties.  
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Fig.II 2: Percentage of N in amino acids (AA- N) of total N stocks in paddy and non-paddy (a) top- and (b) 
subsoils of five major reference soil groups (3 field replicates, except for Italian site). The asterisk * 
indicates significant difference between paddy and non-paddy managed top- and subsoils of Chinese 
Alisols at p<0.05 level of probability. 
 
Amino acid composition 
Alanine, methionine, leucine, isoleucine and proline are nonpolar amino acids. Tyrosine, 
threonine, glutamine and glycine belong to the class of neutral amino acids, and glutamic acid 
and aspartic acid to the acidic ones. Lysine is an alkaline amino acid. When grouping the 
amino acids according to these functional groups, we found that nonpolar amino acids 
constituted the largest portion of detected amino acids, followed by acidic, neutral and 
alkaline ones (Fig.II 3). This pattern was observed for all studied soils, with no significant 
differences between paddy and non-paddy soils and between the different soil depth intervals. 
Only when comparing the amino acid composition among the soil groups, our data pointed to 
lower proportions of non-polar and elevated proportions of acidic amino acids in the Andosols 
(P <0.05;Fig.II 3). The amino acid composition in the other four soil groups remained fairly 
similar.  
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Fig.II 3: Charge distribution (R-group composition) of amino acids of five major reference soil groups 
(summarized for paddy and non-paddy managed soils; 6 field replicates); the asterisks * indicate 
significant difference between soil groups regarding acidic amino acids at p<0.05 level of probability. 
 
D-/L-ratios of amino acids 
The D-/L-ratios ranged from 0.09 to 0.41 for alanine, from 0.07-0.20 for glutamic acid, from 
0.05 to 0.91 for aspartic acid, and from 0.01 and 0.11 for lysine (Tab.VI 1 in Appendix A). 
Hence, there was a considerable variation in amino acid chirality. The D proportions of other 
amino acids were not evaluated in detail, as they are not specific for microbial origin or 
ageing processes (Amelung et al., 2008). Across all sites, the D-/L- ratios increased with 
increasing depth within the soil profiles. The most distinct depth gradients were observed for 
Andosols while those in the Vertisols were rather weak (Fig.II 4; for lysine data see Tab.VI 1 
in Appendix A). Significant differences in the D-/L- ratios between paddy and non-paddy 
managed soils were not evident (P >0.05). For better comparability between the soil groups 
(independent from management), we averaged individual D-/L- ratios over the depth profiles, 
as shown in Figure II 5. This revealed largest D-/L- ratios of alanine and aspartic acid in the 
Andosols, followed by the two Alisols sites (Indonesia and China), the Fluvisol and the 
Vertisols. The D-/L- ratios alanine of the top- and subsoils of the Andosols and Javanese 
Alisols were significantly higher compared to the Vertisols, Chinese Alisols and the 
Gleysol/Fluvisol pair (p<0.01, Fig.II 5a). For the D-/L- ratios of aspartic acid only the 
Andosols significantly differed from the other soil groups (p<0.001 in top- and subsoils, Fig.II 
5c). This suggests that higher D-enantiomer contributions of alanine occurred in oxide-rich 
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soil. We also found correlations between of D-/L- ratios of alanine to FeD and AlD stocks (R2 
= 0.45-0.53, respectively; p< 0.05, Fig.VI 2 in Appendix A). The D-/L- ratios of lysine did 
not follow this trend. They were largest in the Fluvisol, followed by Alisols. These differences 
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Fig.II 5: (a-d) D/L ratios of a) alanine, b) glutamic acid, c) aspartic acid and d) lysine in paddy and non-paddy 
soils of five major reference soil groups (averaged for 100 cm soil depth; 3 field replicates); the 
asterisks ** and *** indicate significant difference between soil groups at p<0.01, and p<0.001 level of 
probability, respectively. 
 
Amino acid signatures after DCB treatment  
Treating the soils with DCB resulted in a loss of 0-155 mg AA-N kg-1 relative to the original 
bulk soil contents (Fig.II 6). The extent of AA-N loss was not related to paddy management; 
samples in a given major reference soil group lost the same proportions of AA-N 
irrespectively of the management. Across the different soils, the Javanese Alisols and the 
Andosols exhibited the largest FeD contents and also showed the largest losses of AA-N after 
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contents was not significant (R2= 0.37; p= 0.1) (Fig.II 6). We did find a significant correlation 
between the decrease in AA-N after DCB treatment and DCB-extractable Al contents 
(R2=0.8, p<0.001; Fig.II 6). The losses of AA-N were smallest for the AlD-poor Fluvisol and 
Vertisols, and largest for the AlD-rich Andosols.  
 
 
Fig.II 6: Changes in the contributions of N in amino acids (AA-N) to total N versus DCB extractable Fe (FeD) 
and Al (AlD); top-and subsoil samples, three paddy and three non-paddy sites per reference soil group 
are shown. 
 
4 Discussion  
Paddy management and soil organic nitrogen and amino acid-N accumulation 
Paddy soil management has been shown to promote SON accumulation due to anaerobic 
conditions and related slow organic matter decomposition, leading to almost twice as much N 
in soils under paddy compared with those under non-paddy management (Kögel-Knabner et 
al., 2010, Roth et al., 2011; Jiang et al., 2013). However, Tong et al. (2009) noted that SON 
accrual may also depend on other site conditions that may be as relevant as flooding for 
maintaining high N contents. This agrees with observations by Winkler et al. (2016) and 
Lehndorff et al. (2016) who did not find a preferential enrichment of organic C and black C 
accumulation in some major reference soils upon paddy management. The authors also noted 
that rather site-specific changes in input and soil properties affected the C contents in soil. We 
made similar findings.  N and amino acid accumulation did not only occur in paddy soils but, 
at least partly, to a similar extent in adjacent non-paddy soils. Obviously, there are other 
factors than paddy management that may account for a preferential sequestration of N and 
amino acids in the studied soils. The lack in differences in N stocks between paddy and non-
paddy soils may either be caused by elevated SON levels in non-paddy soils, e.g., due to the 
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cropping of N-fixing plants, or due to inefficient SON storage in paddy soils, e.g., by lacking 
impermeability of the plough pan of the paddy soil (Kölbl et al., 2014).  
In our study, paddy and non-paddy soils were cropped with mimosas, sugar cane, and clover. 
These N-fixing plants are propagated in many tropical lowland areas because they enrich 
SON (van Kessel et al., 1994; Giller, 2001). Mimosa trees (Leucaena leucocephala) were 
grown on non-paddy Alisols in Java, which likely even led to significantly larger AA-N 
stocks in the non-paddy topsoils than in those of the paddy managed counterparts 
(p<0.05;Tab.II 2, Fig.II 1). Clover was cropped in rotation with paddy rice in the Chinese 
Alisols. In these paddy soils, the AA-N stocks were significantly elevated relative to the 
respective non-paddy soils (p<0.001; Fig.II 1). The non-paddy Vertisols were cropped with 
sugar cane, which also promotes N accumulation via biological N fixation (Lima et al., 1987, 
Boddey et al., 1995). Nevertheless, N and AA-N stocks in Vertisols were lowest for all soils 
under study and no differences between the managements were observed (Fig.II 1, p= 0.2). 
This is surprising since clay is supposed to stabilize organic matter in soil (Ladd et al., 1996). 
Likely, the N was transformed prior to microbial sequestration and stabilization in microbial 
residues, which may, e.g., occur during dry seasons followed by high denitrification rates and 
leaching during rainy seasons. This led to enhanced N losses in these self-mulching, clay-rich 
soils (Patra and Rego, 1997). A lack in long-term sequestration of N is also supported by 
relatively large C/N ratios in the Vertisols (~ 13 compared to ~ 10 for the other soils, data not 
shown). The organic matter accumulation in paddy soils was also related to formation of a 
dense plough pan, which limits translocation of organic compounds into the subsoils (Kögel-
Knabner et al., 2010; Kölbl et al., 2014). For the Italian paddy soil (Gleysol), however, the 
coarse texture (50% sand-sized particles) inhibits plough pan formation and allows for lateral 
organic matter translocation (Said-Pullicino et al., 2015). A similar process may have taken 
place in the Javanese Alisols under study (Alisols had 15-50% sand-sized particles), further 
masking the effect of organic matter accumulation in topsoils on N stocks in paddy-cropped 
Javanese Alisols. In this regard, the coarse texture may have contributed to inefficient SON 
enrichment in the Gleysols and Javanese Alisols under paddy management, which therefore 
also lacked steep depth gradients in amino acid depth profiles (Fig.II 4). 
 Andosols are known to exhibit high stability of microaggregates, low bulk density (Wada, 
1985) and large portions of reactive allophane minerals (Mikutta et al., 2010) which all should 
facilitate SON accumulation. Inubushi et. al. (2005) reported larger contributions of microbial 
biomass-N to total N in soil for Andosols. Other authors supported their C-turnover models 
by implementing different microbial turnover efficiency for paddy and non-paddy soils 
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(Shirato et al., 2005). In our study, the Andosols had the most significant positive effect on 
SON accumulation and this was even higher under paddy management (Fig.II 1). Soil-
specific biogeochemical processes may thus also affect the extent of SON and protein-N 
accrual.  
 
Soil-related ageing of amino acid N  
Besides the option to accumulate total peptide-bound N in paddy soils by decelerated 
degradation of organic matter, soil specific properties might lead to preferential accumulation 
of amino acids, e.g. due to sorption to reactive soil phases and/or co-precipitation with 
pedogenic oxides (Miltner and Zech, 1999; Pan et al., 2004). If sorption plays a major role, it 
has been suggested that amino acids with certain charge distribution accumulate in preference 
over other amino acids (Mikutta et al., 2010). In this study, only Andosols (paddy and non-
paddy soils) were slightly enriched in acidic amino acids (Fig.II 3), as may be explained by 
preferential sorption of these amino acids to reactive allophane and oxide phases (Mikutta et 
al., 2010). Yet, we did not find systematic differences in amino acid composition between 
paddy and non-paddy management and among the other reference soil groups. Similarly, also 
other authors failed to find close correlations of amino acid charges to basic soil properties 
such as pH, base saturation, CEC, and clay content (Friedel et al., 2002; Amelung et al., 
2006). We hydrolyzed proteins, hence amino acids discussed here originally did not exist in 
soil in free forms but in protein complexes, which likely contained a range of different amino 
acids rather than specifically charged ones. Hence, we concur with Amelung (2003) that the 
dominant control on amino acid composition in soil is likely driven by microorganisms: once 
they have access to specific SON sources, they consume them completely rather than leaving 
parts of the protein complex or certain peptide-bound amino acids behind. When amino acids 
originate from bacterial cells, the D-content of alanine and glutamic acid increases, because 
these amino acids are indispensable parts of peptidoglycan cell walls (Nagata et al., 1998; 
Pelz et al., 1998; Amelung et al., 2008). When soil proteins are stored for prolonged periods 
of time, their amino acids may age, i.e., enzyme-catalyzed or abiotic racemization reactions 
result in elevated D-contents of aspartic acid and lysine (Kvenvolden et al., 1970; Amelung, 
2003). Here, we observed that the portion of D-enantiomers of all these amino acids generally 
increased with increasing soil depth, reflecting increased input by leaching, transformation 
and ageing of the respective N forms in subsoils (Fig.II 4). The preferential storage of D-
amino acids in the subsoil may be accompanied by chemical bonds to or general other 
stabilizing associations with soil minerals (Mikutta et al., 2010). In line with that, we 
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observed an increasing portion of unidentified N with increasing soil depth (Fig.II 4), while 
C/N ratios remained rather uniform throughout the depth profiles except for the Chinese 
Alisols were C/N ratios dropped to ~ 5 in the subsoil indicating accumulation of strongly 
degraded organic matter in the subsoil (data not shown). The time-scales of SON 
transformation processes are still unknown. Radiocarbon ages of subsoil organic matter in a 
Chinese paddy soil chronosequence approached a few thousands of years (Wissing et al., 
2011; Bräuer et al., 2013), therewith exceeding by far the time scale of paddy management at 
the sites under study (>100 years). Likely, a majority of SOM in the subsoil was possibly 
already just too old to be detectably affected by >100 years paddy management, which, in 
addition, mainly affects the SOM of the topsoils (Kögel-Knabner et al., 2010; Wissing et al., 
2011). Thus, it seems likely that also the formation of the D-amino acid enantiomers in the 
subsoils extended far beyond the time of paddy management. Intriguingly, the D-/L- ratios of 
the amino acids differed among soil groups. Highest D-/L- ratios of alanine were found for 
the Andosols and Javanese Alisols, which also had the largest amounts of soil N. As D-
alanine is produced by bacteria (Pelz et al., 1998; Amelung et al., 2008), the N accrual in 
these soils likely was accompanied by microbial transformation of N and related stabilization 
processes. The close correlation of AlD and D-alanine may suggest that the sequestration of 
bacteria-derived N may be related to Al-enriched oxide phases (Fig.VI 2 in Appendix A). The 
correlation between the loss of amino acids after DCB extraction and the contents of 
indicators of oxides is in support of this hypothesis. Yet, the amino acid loss after DCB 
treatment was independent from management (Fig.II 6), maybe, because this treatment also 
affected oxides and amino acids older than those formed during the last century of paddy soil 
use.  
The release of Al by DCB is chemically difficult to explain, because Al solubility should be 
independent from pH-buffered redox treatments. We speculate that there was an atomic 
substitution of Fe by Al in more crystalline Fe oxide phases, such as in goethite. Aluminum 
substitution in goethites is well-known and can reach up to 33 Mol% (e.g., Fitzpatrick and 
Schwertmann, 1982). Close correlations between the stocks of AlD with the larger stocks of 
FeD support this hypothesis (Fig.VI 3 in Appendix A). The Al substitution in goethites results 
in increased specific surface area and increased anion (phosphate) sorption per surface 
(Ainsworth et al., 1985; Borggaard et al., 1990). The loss of Fe by DCB treatment may simply 
cause co-loss of Al, with soils being most rich in Fe oxides such as the Javanese Alisols 
having also the highest possibility to contain DCB-extractable Al. The Javanese Alisols also 
showed a pronounced accumulation of bacterial D-alanine (Fig.II 4, Fig.II 5). 
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5 Conclusion  
Paddy management influences both peptide N accrual and related microbial N transformation. 
This study showed that these effects, however, are modulated by site-specific management 
and parent material, yet without significant impacts on the composition and chirality of amino 
acids. Microbially transformed amino acids were enriched in Andosols but hardly 
accumulated in Vertisols. As oxide removal went along with a loss of amino acids including 
those typical for peptidoglycan, we infer that oxidic mineral phases controlled long-term 
organic N cycles irrespective from current land-use. Elucidating the net rates of microbial N 
accrual, e.g., by using compound-specific stable isotope analyses and radiocarbon dating, 
might now warrant further attention.  
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1 Introduction 
In paddy soils, nitrogen-use efficiency is frequently smaller than 40%, inter alia due to 
denitrification processes and ammonia volatilization into the atmosphere (Cassman et al. 
1996, Guo et al. 2017, Wang et al. 2018). Several studies showed that also microorganisms 
may contribute to the low N use efficiency in paddy soils by immobilizing N in their residues 
(Ding et al. 2011, Roth et al. 2011, Cucu et al. 2013, Said-Pullicino et al. 2014). This N 
sequestration process operates at a scale of decades (Roth et al. 2011). The analyses of amino 
sugars help to differentiate and quantify the amount of N that is bound in the residues of 
bacteria and fungi (Amelung et al. 1999, Liang et al. 2007). Glucosamine, for instance, mostly 
originates from fungal chitin, while muramic acid uniquely derives from bacteria (Parsons 
1981, Glaser et al. 2004). Whether the sequestration of N in paddy soils correlates to 
microbial immobilization of N and if fungi or bacteria systematically dominate in this 
periodically flooded soil environment is not yet clear.  
Soil properties may influence microbial N sequestration in paddy soils. In particular it has 
been assumed that frequent submergence promotes the stabilization of organic matter as 
occlusion in pedogenic oxides formed after repeated wetting and drying cycles (Olk et al. 
1996, Kögel-Knabner et al. 2008, Said-Pullicino et al. 2014, Chen et al. 2014). Accordingly, 
for peptide-bound amino acids a preferential sequestration in oxide-rich Andosols and Alisols 
was found (same sample set; see Houtermans et al. 2017). The current study was performed to 
clarify whether and to which degree oxides also promote the accrual of microbial residues in 
paddy soils relative to their non-paddy counterparts.  
Any microbial transformation of soil organic nitrogen (SON) results in a discrimination of the 
15N versus the 14N isotope, because microbes prefer the lighter 14N during metabolic 
reactions, thus leaving the heavier 15N isotopes behind. As a result, the soil δ15N values are 
usually larger than that of plant and fresh litter inputs, and they increase with increasing 
degree of soil N turnover (Dijkstra et al. 2006). Therefore, we use the δ15N values of bulk soil 
to indicate differences in microbial N turnover and overall N use efficiency as affected by 
paddy management or major soil groups.  
As along with soil mineral assemblage also microbial community structure changes 
(Steinbach et al. 2015, Mejia et al. 2016), we assume that the contribution of fungal and 
bacterial residues to total N immobilization should also be affected by the mineral assembly 
in paddy soils of different parent material. Fungi, for instance, frequently dominate in acidic 
soils with low availability of nutrients, but with elevated contents of recalcitrant organic 
matter, usually with wide in C/N ratio (Holland und Coleman 1987, Blagodatskaya und 
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Anderson 1998). Fungal hyphae grow slowly, but they are more resistant against further 
microbial decomposition than bacterial polymers (Webley und Jones 1971). In nutrient-rich 
soils, in contrast, bacterial communities are abundant because of their ability to grow rapidly 
and, therewith, to take advantage of elevated nutrient supply. Bacteria thus also respond fairly 
quickly to environmental changes (Ingwersen et al. 2008, Hayat et al. 2010). As paddy soils 
may receive high fertilizer applications (Kögel-Knabner et al. 2010), it has been assumed 
seemed reasonable to hypothesize that paddy management favors bacterial growth rather than 
that of fungi (Dong et al. 2014). For instance, Dong et al. (2014) found that the organic 
manuring common in paddy management promoted the activity of bacteria. Also Roth et al. 
(2011) determined an elevated bacterial N sequestration in paddy topsoils compared to non-
paddy soils. Nothing is yet known, however, on how different mineral assemblages alter the 
ratio of bacterial to fungal residues in paddy soils.  
Here, we hypothesized that relative to upland soils mainly bacteria contribute to the 
sequestration of N in microbial residues and may reflect anthropogenic land-uses, whereas 
fungal residues will reflect differences in the role of parent material on microbial N 
sequestration and may reflect long-term soil development. Consequently, we sampled 
triplicates of five pairs of paddy and non-paddy soils formed on different parent material 
(Andosols, Alisols, Vertisols, and a Gleysol/Fluvisol pair). We determined the stocks of soil 
organic carbon (OC), total N (Nt), amino sugar-N (AZ-N), calculated microbial residue stocks 
and composition (bacterial and fungal), and assessed the δ15N isotope composition of the bulk 
soils. We then related these data to information about substrate and pedogenic processes, i.e. 
grain size distribution and iron oxide crystallinity (data from Winkler et al. 2016). 
 
2 Materials and methods 
Sampling sites 
For detailed information see chapter II 2 Material and methods. All information about 
individual site management, such as crop rotation, yield, fertilizer application and herbicides 
were gained by interviewing the local famers (for a summary see Tab.VII 1 in Appendix B).  
Andosols, Alisols and Vertisols were located in Java (Indonesia) and developed from similar 
volcanic substrate and under similar climatic conditions (tropical monsoon climate, 21-27°C 
mean annual temperature, precipitation varies from 1900 – 6700 mm a-1). The Andosols were 
sampled on a terraced slope near the city Sukabumi and were under rainfed arable land use. 
The paddy fields were cropped two times with rice and one time with Chinese cabbage per 
year. The tillage happened by hand tractors. The farmers applied Urea, NPK, SP-36 
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(superphosphate, 36%) and partly manure. The famers estimated their yield to 5.000 to 
6.000 kg rice/ha/year. The non-paddy fields were cropped with cassava (6 month rotation) 
and maize (yearly rotation). The tillage was made with a hoe. Manure, urea and NPK were 
applied as fertilizer.  
The Vertisols were located in a river valley near Ngawi. The paddy fields were cropped with 
two times of rice and one time of tobacco per year. The rice farmers used 50 kg/ha NPK, 50 
kg/ha ammonium sulfate, 25 kg/ha urea, 25 kg/ha TSP (triple superphosphate, 46%) and 25 
kg/ha SP-36 per year as fertilizer. The non-paddy fields were cropped with sugar cane. The 
sugar cane farmer used fertilizer in form of green manuring 1000 kg/ha, ammonium sulfate 
200 kg/ha, NPK 600 kg/ha and year. At the Vertisol site the famers used groundwater for 
irrigation and the water table was <2 m beneath the soil surface.  
The Javanese Alisols were located in a small plain near Jasinga. The paddy fields were 
cropped with two times of rice and one time of maize per year. The tillage was made with 
buffalos. The paddy fields were fertilized with 300 kg/ha urea, 200 kg/ha NPK, SP-36 and 
manure. The farmers estimated their yield to 3000 kg rice/ha/year. The non-paddy fields were 
cropped with cassavas, bananas and scattered leguminous trees (boundary planting). The 
farmers used hoes for tillage and manure for fertilization.  
The Chinese Alisols developed from red sandstone near Jiangxi (Red Soil Ecological 
Experiment Station, China). The climate is monsoon-influenced humid tropical with mean 
annual temperature of 18°C and mean annual precipitation of 1600-1700 mm. The paddy 
fields were at the bottom of a terraced slope and the non-paddy fields were located at the 
upper slope. The paddy fields were cropped with two periods of rice per year and in the 
following year with clover. The non-paddy fields were cropped with peanuts, sesame and 
sweet potatoes. We had no information about fertilization.  
The Gleysol and Fluvisol pair was located in the plain of the Po River at Zeme, Italy (Rice 
Research Center of Ente Nazionale Risi). The climate is temperate with mean annual 
temperature of 13°C and mean annual precipitation of 700-1000 mm. The Gleysol was 
cropped with one period of rice per year without puddling but with low ploughing. The 
Fluvisol was cropped with one period of maize per year. Both fields were fallow during 
winter. For detailed soil horizon description see Winkler et al. (2016). 
 
C, N and δ15N analyses 
The analysis of total C and N was carried out in duplicate with an elemental analyzer (Vario 
MICRO cube, Elementar Analysensysteme GmbH, Hanau, Germany). We determined the 
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δ15N isotope ratio in duplicate by elemental analysis - isotope ratio mass spectrometry (EA-
IRMS; Flash EA 1112 coupled to DeltaV Advantage, ThermoFisher GmbH, Schwerte, 
Germany). The isotope ratio was expressed as δ15N in ‰ using δ15N of atmospheric air as a 
reference. Analytical drift was corrected by external standards acetanilide (1.18 ‰ δ15N) and 
ammonium sulfate (20.3 ‰ δ15N).  
 
Analyses of amino sugars 
We analyzed four amino sugars: glucosamine (Glu), galactosamine (Gal), mannosamine 
(Man) and muramic acid (MurA). Amino sugars were detected according to Amelung and 
Zhang (1996). Samples were hydrolyzed with 6 M hydrochloric acid and recovery standard 
(myo-inositol) was added. The hydrolysate was filtered and dried. The purification was 
conducted in two steps, first solution was adjusted to pH 6.6-6.8 and centrifuged, and then the 
freeze-dried supernatant was washed with methanol. Samples were derivatized to 
aldononitrile derivates using hydroxylamine hydrochloride and dimethylaminopyridine, 
followed by acetic anhydride addition. After derivatization the quantification standard was 
added (β-endosulfan).  
The four amino sugar derivatives were measured with a gas chromatograph - flame ionization 
detector (GC – FID) (Agilent 6890, Agilent GmbH, Böblingen, Germany) using a capillary 
column (Optima-5 MS; 30 m, I.D. 0.25 mm; Macherey Nagel). Detailed method description 
and temperature program see Zhang und Amelung (1996). The recovery of the first internal 
standard myo-inositol exceeded 70 % in all runs.  
 
Calculations and statistics 
Appuhn und Joergensen (2006) measured the amino sugar content of bacterial tissue from 
rhizosphere soil and root material and compared the data with total microbial biomass based 
on fumigation extraction and ergosterol data. On the basis of these experiments they assessed 
a conversion value of 45. Hence, we used amino sugars as biomarkers for soil microbial 
residues. To estimate bacterial residues we used the muramic acid content and multiplied it 
with 45 (Appuhn und Joergensen 2006).  
Fungal residue mass was calculated according to Engelking et al. (2007) and Appuhn und 
Joergensen (2006) (see equ. 1).  
 
(1) Fungal residue C [mg g-1] = (1x [mg g-1] glucosamine – 2x [mg g-1] muramic acid) x 179.2 x 9  
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Engelking et al. (2007) showed that muramic acid and glucosamine occur at a 1 to 2 molar 
ratio in bacterial cell walls. Appuhn und Joergensen (2006) thus generated a conversion value 
of 9 for fungal residues. Total microbial residues were the sum of bacterial and fungal 
residues.  
To compare different soils we calculated bacterial and fungal residues stocks (based on bulk 
density and soil depth). 
SigmaPlot 13.0 for Windows (Systat Software) and STATISTIKA 8.0 (Stat-Soft, Inc.) were 
used for statistics. Differences in total N stocks, AZ-N stocks and microbial residue stocks of 
the top- and subsoils were tested between soils (ANOVA) and for the combined effect of 
paddy and non-paddy management of the different soil groups (MANOVA). Linear and 
multiple regression was tested for correlations between DCB Fe-, Al and Mn stocks, pH, 
CEC, particle size distribution with amino sugar-N -, microbial residue stocks and δ15N 
values. 
The tests were run at a confidence level of 95 %. The results were considered to be significant 
at p < 0.05 and highly significant at p < 0.01. 
 
3 Results 
We assumed that the total N amount of N bound in amino sugars (amino sugar-N) showed 
significant differences between paddy and non-paddy managed soils. Surprisingly, this was 
not the case: instead, the stocks of total N (Nt) and amino sugar-N was similar for soils under 
paddy and non-paddy use, except for Andosols, which showed significantly larger Nt and 
amino sugar-N stocks under paddy management than their non-paddy counterparts (Fig.III 2). 
However, we found that the stocks of Nt and amino sugar-N were different among the five 
soil groups.  
We further assumed that the portion of bacterial to fungal residues would be larger in paddy 
soils than in non-paddy soils (Roth et al. 2011). We thus calculated fungal and bacterial 
residue stocks. Also here, contrary to our expectations, we did not find that paddy 
management consistently enhanced bacterial residue stocks. Only the Andosol derived 
paddies showed higher portions of bacterial residues than their non-paddy counterparts, and 
so did the Chinese Alisols. Apparently, the impact of paddy-management on specific 
microbial residue accrual was soil specific.  
Across all soils and management types, the stocks of soil organic carbon (SOC) correlated 
with those of total N (Fig.III 1 a, R2= 0.96, p< 0.0001, all top- and subsoils). Also, the stocks 
of Nt correlated with those of microbial residues (Fig.III 1b, R2= 0.68, p<0.0001). In addition, 
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we found that presence of iron and aluminum oxides (dithionite extractable oxides, data from 
Winkler et al. (2016) correlated positively with the stocks of microbial residues (R2= 0.51, 
p<0.001). Other soil properties like pH, CEC or texture did not show any significant 
correlation with SOC, N, amino sugar-N, or microbial residue stocks.  
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Fig.III 1: a) Correlation of organic carbon (OC) and nitrogen(N) stocks across all paddy and non-paddy top- and 
subsoils under study; b) correlation of the stocks of total nitrogen(Nt) with those of microbial residues 
(calculated from amino sugar analysis) across all paddy and non-paddy top- and subsoils under study. 
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Fig.III 2: (a,b) Soil nitrogen (N) including amino sugar-N (AZ-N) stocks, and δ15N in paddy (P) and non-paddy 
(NP) (a) top- and (b) subsoils of five major reference soil groups (3 field replicates, except for Italian 
site); the asterisks * and ** indicate significant difference between paddy and non-paddy management 
at p<0.05, and p<0.01 level of probability, respectively. Additional effects on N accumulation may 
result from Mimosa and clover cropping in NP-Alisols (Java) and P-Alisols (China), respectively. 
  













































































































Fig.III 3: (a,b) Calculated microbial residue (mic) stocks including bacterial (bac) and fungal residue (fun) stocks 
(g m-2), and proportion of bacterial residue to microbial residue stocks (%) in paddy (P) and non-paddy 
(NP) (a) top- and (b) subsoils of five major reference soil groups (3 field replicates, except for Italian 
site); the asterisks * and ** indicate significant difference between paddy and non-paddy management 
at p<0.05, and p<0.01 level of probability, respectively. Additional effects on N accumulation may 
result from Mimosa and clover cropping in NP-Alisols (Java) and P-Alisols (China), respectively. 
 
Andosols 
The Andosols showed the largest Nt stocks among all sites. The non-paddy arable topsoils 
showed significantly lower Nt stocks relative to their paddy managed topsoil counterparts 
(Fig.III 2a; P <0.01). The Nt stocks of the Andosol subsoils did not differ between the two 
management practices (Fig.III 2b).  
The N bound in amino sugars (amino sugar-N) comprised between 7 – 9% of Nt (Fig.III 2). 
The amino sugar –N stocks did not differ between the two management practices, neither for 
the top- nor for the subsoils (Fig.III 2a,b, P >0.05); yet, microbial residue stocks exceeded 
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those of many other soils (Fig.III 3a). The δ15N values were not affected by management. 
However, also the δ15N values were larger for the Andosols (8 – 10‰; paddy and non-paddy 
top- and subsoils, Fig.III 2a, b) than for the other soil groups in our study.  
 
Javanese Alisols 
We did not observe any significant difference in Nt and amino sugar-N stocks of the Alisols 
collected in Java that relate to paddy and non-paddy management (Fig.III 2a, b). In the paddy 
and non-paddy topsoils, up to 12 – 14% of Nt were bound in amino sugars (Fig.1a). However, 
the composition of microbial residues changed with management: the contribution of bacterial 
residues to total microbial residues (32%) was significantly larger in the non-paddy topsoils 
than in those under paddy management (Fig.III 3a, P < 0.05). 
In comparison with the other soil groups, the proportion of Nt, which was bound in amino 
sugars, even exceeded those of the Andosols (Fig.III 2). The respective microbial residues 
stocks were the largest found in this study. Besides, the Javanese Alisols had second highest 
δ15N values among all studied soil groups (6 – 8‰; paddy and non-paddy top- and subsoils).  
 
Chinese Alisols 
In the topsoils of Chinese Alisols under paddy management, the Nt stocks were significantly 
larger than under non-paddy management (Fig.III 2a; P <0.05). No significant differences 
between management practices were observed in the proportion of Nt bound in amino sugars 
(6% in the topsoils, Fig.III 2). However, both amount and proportion of bacterial residues 
were significantly larger in the paddy than in the non-paddy topsoils (Fig.III 3a, P <0.05). In 
contrast to this, the δ15N values of the paddy topsoils were significantly smaller than in the 
non-paddy ones (Fig.III 2, P <0.01). The subsoils did not show any significant differences in 




For topsoils sampled from Vertisols we did not observe any significant differences in Nt-, 
amino sugar-N stocks and microbial residues that could be related to paddy and non-paddy 
management (Fig.III 2, Fig.III 3a,b). Only the subsoils of the Vertisols showed significantly 
larger contributions of bacterial residues to the total microbial residue pools when the soils 
were under paddy rather than under non-paddy use (Fig.III 3b, p< 0.05). 
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In comparison to the other soil groups, and despite having largest clay contents, the topsoils 
of the Vertisols showed the lowest Nt-, amino-sugar-N and microbial residue stocks among all 
sites under study (Fig.III 2, Fig.III 3a, b).  
 
Gleysol/Fluvisol 
The paddy topsoil at the Italian sampling site tended to have elevated Nt stocks compared 
with the non-paddy soil, but due to lacking independent site replicates this difference could 
not be tested statistically (Fig.III 2a). The amino sugar-N stocks did not indicate clear 
differences between management. However independent from paddy management, we did 
observed a higher portion of bacterial residues in the subsoils of the Gleysol/Fluvisol pair 
compared to the topsoils.  
 
4 Discussion 
Paddy rice management may accumulate organic N forms in soil (Roth et al. 2011). 
Suggested reasons are reduced decomposition of SOM under anaerobic conditions (Kögel-
Knabner et al. 2010), abiotic reactions of NH4+ with phenols (Schmidt-Rohr et al. 2004), 
immobilization of N in microbial residues (Fuhrmann et al. 2018) and interactions of the latter 
or other N forms with the mineral phase (Miltner und Zech 1999, Mikutta et al. 2010, Mikutta 
und Kaiser 2011). With regard to SON, amino sugars can be bound to minerals by cation 
exchange reactions of their amino group or by ligand exchange with metal hyroxides by their 
carboxyl group (Cheshire et al. 2000). The latter differs between soil groups. In this regard, 
our study supported the hypotheses that the impact of paddy management on microbial N 
sequestration depends on the underlying parent material. Further, site-specific management 
practices contributed to differences in N sequestration. 
 
Microbial N sequestration in soils formed on Fe and Al-rich substrates 
Both, allophanes as well as Fe oxides, play a major role for SOM stabilization (Torn et al. 
1997, Kögel-Knabner et al. 2008). Indeed, the Andosols exhibited largest Nt stocks as well as 
one of the largest microbial residue N stocks (Fig.III 2, Fig.III 3). In these latter soils, the 
volcanic parent material provides short range-ordered Fe oxides and allophane-imogolite-type 
phases that could support the sequestration of SOM (Winkler et al. 2016), and, thus, also of 
Nt. Moreover, also microbial residue N was enriched in Andosols though at similar magnitude 
as in the Javenese Alisols (Fig.III 2a, b). The latter are also rich in pedogenic oxides (Winkler 
et al. 2016). It seemed thus reasonable to conclude that pedogenic oxides play a major role for 
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N sequestration. And indeed, across all soils under study, the stocks of oxides (DCB 
extractable Fe, Al, Mn) showed a positive correlation to both the stocks of amino sugar-N 
(p<0.01) and, thus, of the total microbial residue pool (R2= 0.60, Fig.III 4).  
Amelung et al. (2001) reported that the 
addition of oxides to decaying litter 
retarded the synthesis of bacterial 
residues but enhanced the storage of N in 
fungal remains. The findings might 
imply a more important role of fungi for 
N sequestration in oxide-rich soils. We 
here also found a better correlation of 
pedogenic oxide contents with fungal 
residues (R2= 0.62) than with bacterial 
ones (R²= 0.50), despite bacterial 
residues showed significant 
contributions to total microbial residue N 
stocks in Andosols and Alisols (Fig.III 3a). 
 
Paddy management effect in soils on Fe- and Al-rich substrates 
We hypothesized that paddy management may affect Nt and microbial N sequestration to a 
higher degree in soils on Fe-rich substrates, due to frequent changes in redox conditions and 
thus a dissolution and precipitation of Fe oxides, which may then occlude OM. However, a 
positive effect of paddy management on N sequestration via microbial residues was 
significant only in Andosols and Chinese Alisols (the latter with relatively small Fe oxide 
contents). Especially for Javanese Alisols (rich in Fe oxides) we were surprised that paddy 
management effects on microbial N immobilization and subsequent storage in microbial 
residues was lacking, suggesting that other variables rather the mere flooding played a role for 
enhanced N sequestration. Such other variables may be differences in climate as well as 
specific management practices, such as the frequent intercropping with Chinese cabbage in 
paddy Andosols that elevates organic matter inputs to soil (Hill 1990). Such other variables 
may also comprise the use of clover as intercrop on paddy fields in China. It was found that 
after clover and ryegrass cultivation, the proportion of atmospherically derived N amounted to 
60–80% of the total N content in soil (Høgh-Jensen und Schjoerring 1997). Another study 
showed that clover cultivation bound up to 43 kg/N/ha per year (McNEILL und WOOD 
Fig.III 4: The correlation of microbial residue stocks with 
those of pedogenic oxides (sum of FeD AlD, MnD) 
indicates that organo-mineral interactions with 
oxides promote the accrual of microbial residue N 
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1990). Small δ15N values in these Chinese Alisols support the assumption that large portions 
of N stemmed from N fixing plants rather than from decaying organic matter debris under 
paddy management.  
 
Effects on clay-rich substrates  
In soils developed on clay-rich substrates, larger clay contents promote SOM accrual (Six et 
al. 2000). The Vertisols contained 60% clay minerals, which likely contributed to the sorption 
of SOM and thus also of SON. Also self-ploughing and self-mulching effects contribute to 
SOM storage in Vertisols (Patra und Rego 1997). Although, Mikutta et al. (2007) noted that 
smectite dominated Vertisols are capable to stabilize organic matter, the Vertisols under study 
stored the smallest amounts of SON and microbial residues in our study (Fig.III 3). We 
conclude that the smectites were much less effective than Fe oxides in storing organic N 
forms.  
In principle, the fine pores in clay-rich substrate may additionally retard the decomposition of 
OM due to an elongated period of oxygen deficiency in this fine grained material. However, 
we could not find a significant difference on Nt and amino sugar accrual between the topsoil 
of paddy managed and upland cropped Vertisols (Fig.III 3a), in the paddy managed subsoil 
the stocks of microbial residue N was even significantly depleted (Fig.III 3b). Hence, we 
suggest that we rather observed an effect of sugar cane cropping in the upland soils, which 
promotes N accumulation via biological N fixation (Lima et al. 1987, Boddey et al. 1995) as 
indicated by small δ15N values (Fig.III 1a). 
 
The sites in Italy were devoid of elevated clay contents. Yet, the total N and microbial residue 
accrual in the sandy Fluvisols were in similar magnitude as in other oxide-poor soils (Chinese 
Alisols and Vertisols), supporting our observations that pedogenic oxide content is an 
important factor in N sequestration via microbial residues, although climatic differences likely 
also add to different amino sugar accumulation (Amelung et al. 2006). Nevertheless, also at 
the Italian site, the soil under paddy management revealed larger N and microbial residue N 
stocks (Fig.III 2, Fig.III 3), suggesting that flooding leads to an accumulation of N in paddy 
soils also on fairly sandy substrate. 
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5 Conclusion 
Here we asked whether paddy management and different substrates of soil influence the 
sequestration of N and especially N bound in microbial residues. We analyzed a series of soils 
from different substrates and found that the contents of pedogenic Al and Fe-oxides were the 
major control of N sequestration in microbial residues. This impact of oxides in soil overlayed 
even the effect of management, i.e. of frequent flooding with water, on total N and microbial 
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1 Introduction 
Rice cultivation feeds about half of the human population (Maclean et al., 2002). Burning rice 
straw on the fields might significantly affect the carbon cycle. Gaddé et al. (2009) calculated 
for Asian countries (where most rice cultivation takes place) that 23 to 95% of rice straw 
residues are burned. This may contribute to atmospheric CO2 and global warming, but 
residues of biomass combustion (black carbon, BC) may also contribute to relatively 
persistent C in soil (e.g., Seiler and Crutzen, 1980).  
We previously showed that long-term paddy management on marsh sediments in China 
resulted in equilibrium BC accumulation and degradation. These Cambisols stored ~ 13 t BC 
ha-1 after 300 years of paddy management. Adjacent non-paddy systems had only 7 t BC ha-1 
(Lehndorff et al., 2014). However, little is known about BC storage in other paddy soils, 
particularly if BC storage might systematically change in well-developed soils of different 
origins and mineral compositions. 
Black carbon is recalcitrant in nature (e.g., Seiler and Crutzen, 1980). It comprises a range of 
incompletely burned organic matter (OM) characterized by fuel and combustion conditions 
(temperature and oxygen supply) (Czimczik et al., 2002; Keiluweit et al., 2010). Mean 
residence time (MRT) estimates in soil ranges from decades to millennia (e.g., Fang et al., 
2014; Kuzyakov et al., 2014; Singh et al., 2012a). Differences in BC stability have been 
mainly related to the degree of aromatic condensation, which increases as burning 
temperature increases and depends on the fuel used (e.g., Singh et al., 2012b). On-field 
burning of rice straw or other crop residues yields BC equivalent to that of grass burned at 
about 300–400 °C (Lehndorff et al., 2014; Wolf et al., 2013).  
Once incorporated into soil, the turnover of soil BC might additionally be controlled by 
interactions with minerals (Cheng et al., 2006; Cusack et al., 2012). For example, BC stocks 
in a weathering sequence of volcanic soils were closely related to the contents of reactive, 
short-range order minerals (Cusack et al., 2012). Incubation experiments also hinted that 
minerals may have a dominant role in BC turnover: BC in Ferralsols with high (crystalline) 
Fe oxide concentration had longer MRT (235–106 years) than BC in clay mineral-rich 
Vertisols (218–44 years for incubation temperatures of 20° and 40°C, respectively) (Fang et 
al., 2014). The authors concluded that variably charged oxide minerals stabilized BC better 
than the permanently charged smectites in the Vertisol. However, the authors also admitted 
that MRTs might differ dramatically under field conditions, due to other factors such as 
variations in climate conditions.  
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BC might also stabilize by occlusion by soil minerals (e.g., Brodowski et al., 2006). In paddy 
soils, changing redox conditions may lead to BC stabilization by reaction with, or occlusion 
in, frequently precipitated short-range order Fe oxides. Effects may vanish by reductive 
dissolution of Fe oxide-OM associations (e.g., Kirk, 2004; Winkler et al., 2016). In clay-rich 
soils, BC may be physically protected in deeper soil horizons upon swelling and shrinking 
(self-plowing due to deep cracks that develop in dry seasons, which allow fresh OM to 
directly enter the subsoil). These effects may alter the residence time of BC to an unknown 
extent. In contrast, Fang et al.’s (2014) incubation study implied that Vertisols contain less 
BC than Ferralsols, and at a more advanced stage of degradation. In any case, it seems 
reasonable to assume that the storage of BC in soil relates to its mineral assembly.  
Amounts and composition of BC in soil can be estimated by a variety of methods, but each 
has limitations. These limitations are mainly due to large differences in the BC materials. 
Previous studies showed that oxidation of BC to benzene polycarboxylic acids (BPCAs) 
recovered at least 70% of BC as BPCA in soil (Hammes et al., 2007; Roth et al., 2012). The 
relative amounts of five- to six-times carboxylated BPCAs relate to the degree of aromatic 
condensation of BC in soil (McBeath et al., 2011; Schneider et al., 2010). This is a result of 
the variation in BC surface/interior ratios. In other words, the less the proportion of six-times 
carboxylated BPCA (mellitic acid; B6CA), the larger the surface of BC (Glaser et al., 1998). 
The composition of BPCAs may be related to the source of BC, indicating if it stems from 
biomass, such as rice straw burning, or industrial combustion processes (Lehndorff et al., 
2015; Wolf et al., 2013). Additionally, it was assumed that BC degradation leads to large, 
oxidized, negatively charged surfaces that react with the soil matrix, thereby conserving BC 
(Brodowski et al., 2005a; Cheng et al., 2006). This effect may differ for aerobic (non-paddy) 
and anaerobic (paddy) management conditions. BC accumulation, especially in subsoil, may 
be accompanied by a relative loss of mellitic acid due to decondensation (Rodionov et al., 
2010). Singh et al. (2012) reported that BC characterized by smaller proportions of mellitic 
acid was more prone to stabilization processes than condensed counterparts. In this line, both 
preferential stabilization of decondensed BC and intrinsic stability may contribute to its long 
residence time in soil (e.g., Singh et al., 2012a).  
Burning OM also produces BN, but its role in N storage and cycling is not yet understood (de 
la Rosa and Knicker, 2011; Knicker, 2007). In previous studies, we found that at least 50% of 
paddy soil N was abundant in unidentified forms, or not bound to microbial residues (Roth et 
al., 2011) and proteinaceous amino acid N (unpublished data). X-ray photoelectron 
spectroscopy (XPS) may reveal if straw burning in paddy management leads to accumulation 
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of N in heterocyclic, aromatic forms as previously detected in other soils (Abe et al., 2005; 
Mikutta et al., 2009). For example, Ding et al. (2014) related the aromatic N peak in the XPS 
N 1s spectra to BN in water samples and found a coupling between dissolved BN and BC. We 
tested if the method is applicable to rice char and soil, and if there is a correlation of BC to 
aromatic N.  
The main objectives of this study were to elucidate the possible effects of paddy versus non-
paddy management, and different major reference soil groups on the storage of BC. We 
sampled pairs of paddy and adjacent non-paddy soil depth profiles from different major soil 
groups of the world (IUSS Working Group, 2014), analyzed them for BC, and compared this 
to pedogenic oxide contents and soil texture (see also Winkler et al., 2016). This inevitably 
included a sampling from different climatic and land-use regions, since soil mineralogical 
settings were specific to geographic regions and parent material. Since the accumulation of 
aromatic N in soil due to inputs of BN is not yet well understood, we aimed to detect parallels 
in soil BC and BN contents. Sampling was done for well-developed soils that were under 
permanent paddy and non-paddy management during at least the last century.  
 
2 Materials and Methods 
Sampling 
For detailed information of sampling see chapter II 2. All information about individual site 
management, such as crop rotation, yield, fertilizer application and herbicides were gained by 
interviewing the local famers (for a summary see Tab.VII 1 in Appendix B).  
Soil details are described next. 
 
Java, Indonesia 
The substrate at Java is mainly of volcanic andesitic origin, consisting of silicate minerals rich 
in Al and Fe, which form reactive, pedogenic oxides during pedogenesis. Rates of weathering 
and pedogenesis are generally high due to the tropical monsoon climate. The climate is more 
humid in West Java (Sukabumi and Jasinga) than in East Java (Ngawi), which has 
pronounced interchanges of dry and humid weather (Tab.VIII 1 in Appendix C). Soils at 
Sukabumi were Andosols under vegetable-maize (non-paddy) cropping and Al-rich 
Anthrosols under paddy-paddy-pak choi rotation (Tab.VIII 1). At Jasinga, Fe oxide-rich 
Alisols formed on andesite, which are now under agroforestry (non-paddy). The respective 
Hydragric Anthrosol was under rice-rice-maize rotation (Tab.VIII 1). Local farmers said that 
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on-site burning of straw residues and waste frequently occurred, except for the non-paddy site 
at Sukabumi (Tab.VIII 1).  
The soils at Ngawi formed on fluvial clay deposits in a broad, shallow valley and were 
characterized as Vertisols (under sugar-cane monocropping) and as Hydragric Anthrosols 
under annual paddy-paddy-tobacco rotation. Swelling and shrinking caused formation of 
thick, deep cracks during the dry period. This allowed for translocation of topsoil material, 
including charcoal, to deeper soil layers. The non-paddy cropping system had intensive 
burning, while rice straw was partly harvested for livestock.  
China 
At the Red Soil Research Station (Yingtan), soil formation into limnic and fluvial sediments 
under subtropical climate conditions resulted in Fe-rich Alisols under non-paddy and 
Anthrosols under paddy-paddy-fallow management. Paddy management involved cultivating 
clover to increase soil N stocks approximately every five years. Both the paddy and non-
paddy cropping systems had frequent on-site burning of straw residues for about 300 years.  
Cambisols were sampled in the Yangtze River Delta in the Bay of Hangzhou. The soils 
developed on deltaic sediments after land embankment under paddy and non-paddy 
management, respectively. Paddy and non-paddy soils had undergone 700 years of crop 
management and frequent burning of straw residues. Buried topsoil horizons found in two 
subsoils were excluded from BC stock calculation (see Lehndorff et al., 2014).  
Italy 
At Zeme, Italy (Rice Research Centre of Ente Nazionale Risi), paddy management was 
established about 30 years ago in the flood plain of the Po River. Soils forming under 
temperate climates with seasonally high groundwater levels were Endogleyic Fluvisols under 
maize monocropping and Haplic Gleysols under paddy management with one rice harvest per 
year. Crop management did not include puddling and straw burning. Both soils were fallow 
during winter. 
 
Soil properties (pedogenic oxide contents, texture, and structure) 
The soils under study had varying physical and chemical properties. The Andosols had 24–61 
g kg-1 oxalate-extractable Al (Alo, likely from allophane), 8–16 g kg-1 oxalate-extractable Fe 
(Feo, short-range order Fe oxides) in their topsoil. All other topsoils had less than 4 g kg-1 Alo. 
The Indonesian Alisols were characterized by 3.2–10.5 g kg-1 Feo, while the Chinese Alisols 
had 1.0–1.9 g kg-1 Feo. The Vertisols had 3.3–4.9 g kg-1 Feo in the topsoil horizons. Chinese 
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Cambisols had 1.3–4.6 g kg-1 Feo (Kölbl et al., 2014). The Gleysol/Fluvisol soil pair had 1.4–
3.5 g kg-1 Feo (details of Fe and Al analysis in Winkler et al., 2016). 
The abundance of clay was estimated by grain-size analysis (Winkler et al., 2016). The 
Indonesian Andosols were of silt loam, and Alisols had 15/45/40% sand/silt/clay (clayey 
Alisols). The Chinese Alisols (sandy Alisols) and the Gleysol/Fluvisol soil pair from Italy had 
> 50% sand-sized particles. Vertisols had 50 to 70% percent clay-sized particles in the topsoil. 
The Chinese Cambisol had about 70% silt and 25% clay. Soil structure was subangular-
blocky for all soils except for the Vertisols, which had wedge-shaped aggregates. The 
Gleysol/Fluvisol pair had a massive structure in the subsoil.  
 
Analyses 
Bulk density (BD) and sample pre-treatment 
Undisturbed soil cores (100 cm3, in triplicate) were taken from each horizon under field-moist 
conditions to determine the BD (Black and Blake, 1965). In addition, composite samples were 
taken for each horizon from different parts of the profile pit and air-dried. All soil samples 
were sieved to < 2.0 mm and ground in a ball mill prior to BC analysis. 
Carbon, organic carbon, and nitrogen 
Total carbon and nitrogen of each sample were determined by dry combustion at 950 °C using 
a Vario Max elemental analyzer (Elementar Analysensysteme, Hanau, Germany). The 
inorganic carbon content was determined by dissolution of carbonates with phosphoric acid 
and subsequently detecting the evolving CO2 (C-MAT 550, Ströhlein GmbH, Viersen, 
Germany). For this purpose, ground samples were placed into gas-tight reaction vessels, 42% 
phosphoric acid was added, and the suspension was stirred. A steady flow of N2 transports the 
evolving CO2 into an infrared detector. All analyses were carried out in duplicate. 
Concentrations of soil organic carbon (SOC) were calculated by subtracting inorganic carbon 
from total carbon. 
Oxidation of black carbon to benzene polycarboxylic acids (BPCA)  
The amount of BC in soil can be estimated by oxidation to BPCAs (Glaser et al., 1998). The 
BPCA oxidation was performed according to a modified method (Brodowski et al., 2005b). 
Sample aliquots, equivalent to a maximum of 5 mg OC (Kappenberg et al., 2016), were 
hydrolyzed with trifluoro-acetic acid for metal elimination (105 °C, 4 h). The residue was 
oxidized with 65% HNO3 (170 °C, 8 h). BPCAs were then purified on a cation exchange 
column (Dowex 50 W X 8, 200–400 mesh, Fluka, Steinheim, Germany). The individual 
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BPCAs were then converted to trimethylsilyl derivatives, separated by gas chromatography 
on an Optima-5 column (30 m × 0.25 mm i.d., 0.25 µm film thickness; Macherey-Nagel, 
Düren, Germany), and detected via flame ionization (Agilent 6890 gas-chromatograph). Citric 
acid was used as the first internal standard for BPCA quantification and added immediately 
before the cation exchange step. Biphenylene-dicarboxylic acid was used as a second internal 
standard to quantify the recovery of citric acid, which was 70–100%. The sum of two- to six-
times carboxylated BPCAs was corrected for CO2 loss and insufficient conversion of BC to 
BPCAs by a factor of 2.27 (Glaser et al., 1998), representing a conservative minimum 
estimate of BC (Brodowski et al., 2005).  
Information on the degree of aromatic condensation of BC was achieved by relating the 
percentage of 4- and 5-times carboxylated acids (B4CAs = sum of prehnitic, mellophanic, and 
pyromellitic acid, B5CAs = benzenepentacarboxylic acid) to six-times carboxylated acids 
(B6CAs = mellitic acid). BC stocks [t ha-1] were calculated from BD and horizon thickness 
for topsoil and down to 1 m depth for total BC stocks. 
Black nitrogen (BN) analysis by X-ray photoelectron spectroscopy (XPS) 
Straw, burned straw, and topsoil horizons (0 to a max. 15 cm) were analyzed for their bulk 
chemical surface composition using a Kratos Axis Ultra DLD instrument (Kratos Analytical 
Ltd., Manchester, UK). As most C and N in soil are enriched on particle surfaces, this 
analysis was done to detect even small contributions of BN. To also identify BN located 
within small aggregates otherwise not accessible by XPS, we analyzed homogenized samples 
over a large spatial area, which gave us information about average N species in a given soil 
sample. Homogenized powders of source materials, deposited onto adhesive copper-nickel 
tape, were analyzed for survey and N 1s detail spectra at three positions using 
monochromated AlKα radiation with excitation energy of 1486.6 eV. Spectra were recorded 
in hybrid lens mode, with photoelectrons collected from an area of each 300 × 700 µm. 
Acquisition parameters for survey spectra were: Pass energy, 160 eV; step size, 1 eV; three 
sweeps. Parameters for N 1s spectra: Pass energy, 20 eV; step size, 0.1 eV; three sweeps. 
After charge correction (survey C peak set to 285 eV), the N 1s peak was deconvoluted into 
three subpeaks representing different N oxidation states by using the Unifit 2010 software 
package (Hesse et al., 2003). The background was fitted together with the three subpeaks to 
obtain best-fit results. The following N types were distinguished (Mikutta et al., 2010): N 
bonded in aromatic structures (398.8 ± 0.4 eV), including imine, heterocyclic C=N, and 
aromatic amines; N in peptide bonds (400.5 ± 0.2 eV), including pyrrole and secondary and 
tertiary amines, and imides; and primary amine N, including protonated amines (402.4 ± 0.1 
IV. Black carbon and black nitrogen storage under long-term paddy and non-paddy management 
52 
eV) (see Fig. S1). Fitting was accomplished by a Lorentzian-Gaussian mixing ratio of 0.2 and 
constraining the full-width-at-half-maximum values between 0.5 and 2.5. Atomic% element 
concentrations were converted into mass-based concentrations by taking into account the 
molar weight of each element (Gerin et al., 2003). 
 
Statistics 
Differences in SOC contents, BC amount, and composition (topsoil and total BC stocks [t ha-
1] and B5CA/B6CA ratio) were tested between soils (ANOVA) and for the combined effect of 
paddy and non-paddy management in the different soils from major reference soil groups 
(Andosols, Alisols [Indonesia], Alisols [China], Vertisols, Cambisols, Fluvisol/Gleysol n = 6; 
MANOVA). Normal distribution, tested by a Shapiro-Wilk-Test, was just reached (n = 36 and 
W = 0.942 and 0.940, respectively). Post-hoc Tukey HSD tests highlighted individual 
differences between management forms and/or soil groups. These analyses were done with 
STATISTICA 8.0 (StatSoft, Inc.). Linear regression was tested for BC [g C kg Corg-1] versus 




Soil organic carbon (SOC)  
The largest SOC concentrations were found in Andosol topsoils, and the smallest 
concentrations were found in the Fluvisol/Gleysol pair (Fig.IV 1, Tab.VIII 2 in Appendix C). 
These two soil groups contributed the greatest share of the difference between all topsoils, 
which was significant at the p<0.0001 level. Mean SOC concentration of two topsoil horizons 
(in non-paddy soils), three topsoil horizons (in paddy soils, including plow pan), and three 
field replicates were 39.7 ± 4.3 g kg-1 in paddy (P) and 35.9 ± 1.9 g kg-1 in non-paddy (NP) 
Andosols, followed by Alisols (Indonesia P: 17.1 ± 3.7, NP: 22.5 ± 2.0 g kg-1; China P: 17.8 ± 
11.8, NP: 7.1 ± 0.1 g kg-1), Cambisols (P: 16.6 ± 1.4 and NP: 9.1 ± 1.9 g kg-1), Vertisols (P: 
11.7 ± 3.3, NP: 14.4 ± 1.0 g kg-1), and the Gleysol/Fluvisol pair (P: 9.9 ± 3.2, NP: 7.2 ± 0.5 g 
kg-1). Management affected SOC contents at a p <0.0001 level, and a post-hoc analysis 
highlighted the difference between Alisols and Cambisols from China (p<0.0002). The SOC 
concentrations decreased with soil depth in all profiles. Subsoil OC contents ranged between 
24.6 g kg-1 in Andosol subsoils under paddy management and 0.5 g kg-1 in Fluvisol subsoil 
under non-paddy management (Tab.VIII 2 in Appendix C). The depth gradient of SOC was 
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most pronounced in Andosols, Alisols and Cambisols, but less developed in the Vertisols and 
the Gleysol/Fluvisol pair (Fig.IV 1). A management effect (paddy versus non-paddy) on the 
depth distribution of SOC was not observed.  
 
Black carbon (BC) 
Average BC concentrations in topsoil horizons ranged from 2.6 ± 0.3 to 0.4 g BC kg-1 soil, 
with the largest values in Andosols under paddy management and in Vertisols (Tab.VIII 2 in 
Appendix C). Paddy management affected topsoil BC concentrations in Andosols, Alisols 
(China) and Cambisols toward larger BC contents in paddy soils (P <0.002) and toward 
smaller BC contents in Vertisols under paddy management (P <0.006; Table 2; Table S1). 
Differences related to soil group were significant (P <0.0001), which was especially driven by 
the Vertisols and the Fluvisol/Gleysol pair, since these soils had both contrasting BC contents 
and little variation between management forms (Tab.VIII 2 in Appendix C). The BC 
concentrations decreased with depth in all profiles and varied between 0.1 and 1.7 g BC kg-1 
in > 90 cm depth. 
The variation in BC relative to SOC for topsoils was 189 ± 57 to 27.9 ± 2.4 g BC kg-1 SOC, 
with the largest BC portions in the topsoil layers of the Vertisols (Fig.IV 1). In the Andosols 
and Alisols, BC tended to decrease with depth relative to SOC, while in Vertisols, paddy-
managed Cambisols and the Gleysol/Fluvisol pair, BC accumulated relative to SOC at larger 
soil depth. Maximum relative BC enrichment was found in the subsoils of the paddy 
Cambisols and Vertisols, amounting to more than 30% of SOC, which was almost double the 
portion found in the respective topsoils (Fig.IV 1; buried topsoil horizons in Cambisols 
excluded). Andosols, Vertisols, and Alisols (China) indicated differences in BC enrichment 
relative to SOC upon paddy management (p<0.04). However, paddy management for the 
Vertisols led to significantly lower BC proportions (p<0.0005; Fig.IV 1). Differences between 
soils were sustained at p<0.0001 for BC/SOC. However, Alisols (China and Indonesia) did 
not differ significantly from Cambisols.  
Total BC storage differed for the soils under study (stocks for 1 m depth, p <0.0001). 
Vertisols had the largest total BC stocks of 17 and 19 t C ha-1, followed by Cambisols with 13 
t ha-1 (Fig.IV 2). These two soils contributed the most to the difference between soils (post-
hoc test). Andosols under long-term paddy management accumulated a total of 8 t BC; 
Alisols had 6–10 t BC ha-1. Non-paddy soils and paddy soils without rice straw burning (non-
paddy Andosols and the Gleysol/Fluvisol pair) only had 3–4 t BC ha-1 (Fig.IV 2). A 
significant effect of paddy management on total BC stocks, i.e. affecting the soil profile down 
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to 1 m, was only found in Cambisols from China (p<0.0001). For topsoils, management 
significantly affected BC stocks in Andosols and Cambisols (p<0.001). The Vertisols showed 
no significant effect of management, but total BC stocks differed from all other soils (p 
<0.03–0.0004).  
Composition of individual BPCAs was dominated by benzenepentacarboxylic acid (B5CA) 
and four-times carboxylated acids (B4CAs). The relative share decreased in order: B5CA 
(24–100, average 36%) > B4CA (0–70, average 33%) > B6CA (0–42, average 31%) > B3CA 
(0–7, average 4%). B5CA dominated in all topsoils, except for the topsoils of Alisols and 
paddy Cambisols in China, which were dominated by B6CA (B5CA/B6CA ratio < 1, Fig. 2, p 
< 0.0001). Topsoil BPCA composition was not affected by management practice (p>0.5). 
Variable contributions of BPCAs were observed with soil depth, but were small 
(B5CA/B6CA ratio in Fig.IV 1) and not specific for soil groups or management practices 
(p>0.5). The Gleysol/Fluvisol pair had increasing proportions of B5CA in the subsoils, 
increasing to 100% (Tab.VIII 2 in Appendix C). However, the absolute amount of B5CA was 
only about one-fifth of that observed in the other soils (data not shown), so most of the other 
BPCAs were likely below the detection limit. 
In summary, when compiling information from both SOC and BC data, we found effects of 
both management and soil-group. Management effects specially affected absolute 
concentrations of BC in topsoil (of Andosols, Vertisols, Chinese Alisols, and Cambisols). 
Detection of soil-specific differences was improved by looking at relative contributions of BC 
to SOC in topsoils and complete profile stocks.  
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Fig.IV 1: Soil organic carbon concentrations (SOC) (left), black carbon (BC) (right), and the ratio of 
pentacarboxylic to mellitic acid (B5CA/B6CA) in depth profiles of different paddy and non-paddy soils 
(averaged across field replicates, for subsoils only one horizon was replicated, for Chinese Alisols only 
topsoil horizons were replicated; Gleysol/Fluvisol was sampled from one site only (error bars indicate 
SD; BC calculated from ∑ BPCA * 2.27).  
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Fig.IV 2: Total and topsoil BC stocks of different soil groups under paddy (P) and non-paddy management. The 
stocks were estimated from oxidation of soil BC to benzene polycarboxylic acids from three field 
replicates per site (except for Chinese Alisols and the Gleysol/Fluvisol pair; C = China, I = Indonesia; 
BC calculated from ∑ BPCA * 2.27). 
 
 
Fig.IV 3: Relative soil BC content vs. a) clay-size fraction, and b) oxalate-extractable Fe. Dots and diamonds 
represent the average for paddy and non-paddy topsoil horizons. Triangles facing down and up indicate 
paddy and non-paddy subsoil, respectively (average of three field replicates and different soil horizons, 
except for Chinese Alisols and the Gleysol/Fluvisol pair; clay-size fraction analyzed for one profile per 
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Nitrogen and black nitrogen (aromatic N) 
The XPS-derived N concentrations in rice straw represented N concentrations at particle 
surfaces and were higher than those determined by bulk element analysis (10 g kg-1 and 3.8 g 
kg-1;Tab.VIII 3 in Appendix C). In soil samples, XPS-N was 2.3–13.7 g kg-1, while element 
analysis yielded 0.7–4.2 g N kg-1. A moderate correlation was observed between N contents 
obtained by the two methods (R² = 0.52;Tab.VIII 3). Black N was detected as aromatic N at 
~399 eV. Aromatic N represented 5% of total N in rice straw and was enriched to 57% in rice 
char (Fig.VIII 1 in Appendix C). In soils, aromatic N contributed only up to 8% to total XPS-
derived N. Although variability in the XPS signal was high (“noise”, Fig.VIII 1 in Appendix 
C), Abe et al. (2005) were able to show by complementary 15N CPMAS NMR analysis that 
under similar analytical conditions at least 5% aromatic N from soil can be detected. The 
highest aromatic N proportions occurred in the Italian soils. Surprisingly, these soils had the 
lowest total N and BC contents.  
 
4 Discussion 
Biomass input and turnover controlled accumulation of SOC in topsoils. Paddy management 
led to almost double the amount of SOC stocks in topsoils of Cambisols compared to non-
paddy cropped soils, which was likely related to reduced turnover of SOC under anaerobic 
conditions in paddy fields (Kalbitz et al., 2013). The Chinese Alisols in our study also showed 
significant increases in SOC concentration under paddy management (p<0.0001) (Winkler et 
al., 2016), while Indonesian soil samples showed no significant response of topsoil SOC to 
paddy management.  
Paddy management typically produces a very dense plow pan, potentially leading to a reduced 
translocation of SOC into the subsoil (Kögel-Knabner et al., 2010), as observed in Chinese 
Cambisols in a previous study (Kalbitz et al., 2013). Here, depth profiles of SOC indicated 
that OM input into subsoils was reduced by paddy management for Andosols and Chinese 
sandy Alisols, but not for Indonesian clayey Alisols, Vertisols, and the Fluvisol/Gleysol pair 
(Fig.IV 1). This fits to other observations, such as that the paddy plow pan did not limit C 
inputs into the subsoil in young coarse-textured soils (Said-Pullicino et al., 2015). In contrast, 
a layer of cemented Fe oxides likely restricted the transport of SOC down to the 40 to 50 cm 
depth in paddy-managed Andosols (own observation). 
Stabilization and accumulation of SOC in Andosols have been attributed to binding to 
aluminosilicates (allophones), gibbsite, and Fe oxides (Junet et al., 2013). Winkler et al. 
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(2016) showed that Fe oxide, phyllosilicates, clay minerals, and allophanes did not directly 
affect SOC in paddy managed soils. Leaching these potential OC accumulators from paddy-
managed topsoils did not reduce SOC. The authors assumed that differences in crop residue 
input between paddy and non-paddy soils were more relevant. The following section will 
discuss if and to what extent BC accumulation was driven by the soil mineral assembly in 
paddy managed soils and by other soil specific properties, such as soil texture. 
 
Black carbon sources 
Burning of crop residues for paddy- and non-paddy managed sites was the major source of 
BC, except for the non-paddy Andosols and the Italian site, where no burning was reported. 
The amount of burned rice straw likely varies. We received information that crop yields 
differed from 6–12 t ha-1 and year, and were highest at the Vertisol sites. However, at this site 
rice straw is rather used for livestock breeding (as fodder and litter) than for on-field burning, 
which likely reduces the effect of higher yields on BC input. Although information about crop 
yields and burning practices are vague, enhanced BC input was reflected by elevated BC 
concentrations in soils at sites subject to intensive burning of crop residues. For example, the 
Andosols with rice-straw burning had absolute and relative BC contents exceeding those of 
the unburned, non-paddy Andosols by a factor of > 2 (p<0.0001). The unburned 
Gleysol/Fluvisol soil pair had only about one-fourth the absolute BC concentrations found in 
the other soils. Nevertheless, the unburned sites (non-paddy Andosol and the Gleysol/Fluvisol 
pair) also had BC in the soil, likely from atmospheric deposition.  
The composition of BPCAs in topsoil may indicate the source of BC. It differed between 
Indonesian topsoils and the Chinese and Italian site (B5CA/B6CA ratio Fig.IV 1; p<0.0001). 
For the Indonesian sites the ratios ~ 1.1 were comparable to that found for burned straw in 
previous studies (Lehndorff et al., 2014; Roth et al., 2012; Schneider et al., 2010). The 
Chinese Alisols and Cambisols had B5CA/B6CA ratios <0.9 (Fig.IV 1). That ratio value 
indicates that about 10% of the BC was likely from burned fossil fuel, which produces high 
shares of mellitic acid (B6CA; calculation based on assumption that BC stemmed from diesel 
combustion with a B5CA/B6CA ratio ~0.15) (Roth et al., 2012). However, most of the BC at 
all sites was from crop-residue burning. 
  
IV. Black carbon and black nitrogen storage under long-term paddy and non-paddy management 
59 
Management and soil specific effects on BC storage 
Black carbon in Andosols 
Indonesian Andosols were predicted to have the greatest potential for BC storage, since they 
had high concentrations of Al and Fe oxides and thixotropic properties. The latter indicated 
the presence of reactive nano-sized minerals such as allophanes and ferrihydrite. Allophane-
type minerals and Fe oxides are known for their large sorption of OM (Batjes, 1996; 
Yamaguchi and Okazaki, 2002). Absolute amounts of SOC and BC were largest in the 
Andosols, indicating strong accumulation and probably stabilization of SOC, including BC. In 
Andosols from intermediate to felsic parent material, 70% of the SOC was found in organo-
mineral complexes, half of that bound to alumosilicates, and only small proportions 
associated with Fe oxides (Junet et al., 2013). In Andosols formed from basaltic parent 
material, accumulation and stabilization of OM was mainly due to short-range order Fe oxides 
or ferrihydrite; aromatic compounds, likely from vegetation fires, occurred in mineral-organic 
associations (Mikutta et al., 2009). Cusack et al. (2012) also found a large, concomitant 
accumulation of BC and SOC in Andosols, suggesting that BC was co-stabilized with SOC by 
reactive mineral phases.  
Andosol subsoils were characterized by Fe oxide-cemented layers at the 40-50 cm depth, 
restricting OM translocation. This was indicated by strongly decreasing SOC concentrations 
(Fig.IV 1). The BC concentrations decreased (Tab.VIII 2 in Appendix C) even more strongly 
than did SOC (Fig.IV 1), pointing at differences in BC and SOC translocation. SOC might 
have been transported in soil water through small pores in the Fe pan and along the surfaces 
of Lahar fragments (volcanic debris flow), while BC was barely transportable with water in 
other soil profiles (e.g., Major et al., 2010). While OM maybe transported with water in 
dissolved form in the soil column and associated to nanoparticles (e.g. Kaiser et al., 1996; 
Gottselig et al., 2014), little is known about leaching of BC through soil in nanoparticulate 
forms.  
Research has frequently discussed BC degradation in soil. A control by biotic (e.g., Kuzyakov 
et al., 2014; Singh et al., 2012a; Zimmermann et al., 2012) and abiotic processes (e.g., Ward 
et al., 2014) was discussed in incubation studies. Field observations showed a trend to less-
condensed BC forms (loss of B6CA) in depth profiles of grassland soils. This may be related 
to BC degradation (Rodionov et al., 2010), e.g., highly condensed BC particles degrade to less 
condensed, smaller aromatic particles. Here, B4CA, representing the surface portion of BC, 
relatively increased from the 50 cm depth downward at the expense of B5CA and B6CA 
(representing the interior portion; Tab.VIII 2 in Appendix C), supporting this degradation 
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concept. However, it is also possible that old BC deposited with the Lahar led to the observed 
differences in BC composition.  
We assumed a paddy-management effect on SOC and BC stocks in the Andosols due to: A 
larger input of BC at the paddy fields, since non-paddy fields were not burned; anaerobic 
conditions that slowed down SOC and BC turnover (Kalbitz et al., 2013; Lehndorff et al., 
2014); and changing redox conditions in the paddy fields, leading to enhanced interactions of 
SOC and BC, with hydrous Fe oxides freshly forming during oxic phases. Although BC 
accumulation was significantly higher in paddy-managed soils than in those under non-paddy 
management, this was related to the missing input in the non-paddy counterparts (see 
discussion above) rather than an effect of paddy-associated changes in redox conditions on 
organo-mineral complexes. This conclusion is supported by the lack of differences for SOC 
contents (Tab.VIII 2 in Appendix C) and a missing correlation between BC and Al, and Fe 
oxides (Fig.IV 3).  
Black carbon in Alisols 
We assumed that SOC and BC stabilization in Alisols would also be due to bonding to, or 
inclusion, in Al and Fe oxides (Fang et al., 2014; Kaiser et al., 1996). For example, low pH 
values in Alisols contributed to formation of strong organo-mineral associations through 
ligand-exchange reactions (e.g., Fang et al., 2014). In an incubation study employing four 
different soils, those soils richest in Fe oxides (Ferralsol) stabilized most of the applied 
biochar (Fang et al., 2014). Concentrations of SOC and BC in the topsoils of the studied 
Alisols were large and similar, except for the non-paddy-managed soil from China (p>0.07). 
However, a weak correlation of BC enrichment relative to SOC and Feo was observed for the 
Indonesian Alisols (R² 0.16, p<0.03; Fig.IV 3). Still, the SOC in Alisols was more enriched in 
BC than that of Andosols. Therefore, other mechanisms than mere association to Fe oxides 
determine the amount of BC found in soil, such as differences in BC input or soil texture.  
Depth profiles of SOC in the Indonesian and Chinese Alisols were less steep than in the 
Andosols. This can be related to a more homogeneous and non-cemented matrix, allowing for 
better vertical transport of substances, together with the probably small retention capacity of 
topsoils (due to high shares of crystalline oxides), which promotes deeper movement of OM. 
The more sandy texture of the Chinese Alisols likely contributed to the low SOC contents in 
the subsoil, which in turn elevated the overall contribution of BC to SOC. Nevertheless, the 
overall contribution of BC to SOC also decreased with depth. This indicated a lack of BC 
input to the subsoil, as discussed for the Andosol above, and does not support the general idea 
of selective preservation of BC during SOC mineralization. In the non-paddy subsoil, BC 
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contents were even close to the detection limit. Mellitic acid (B6CA) in particular was 
sometimes not detectable (Tab.VIII 2 in Appendix C, Fig.IV 1). One peculiarity about BPCA 
composition of the Chinese Alisols and the Cambisols discussed above was the B5CA/B6CA 
ratio values <1, indicating the presence of some BC from fossil fuel combustion. We may 
take advantage of that contribution and conclude from the abrupt change at the plow layer that 
BC was not significantly translocated deeper than 20 cm into the subsoil. This agrees with a 
biochar  study in an Oxisol, which showed that BC leaching occurred only at the 30 cm depth 
(Major et al., 2010). 
In summary, paddy management only affected BC contents of Alisols in China. Region-
specific differences in management, such as straw burning, seem to be the controlling factor 
of BC in Alisols, as this was also practiced on the non-paddy Alisols in Indonesia. An effect 
of paddy-specific changes in redox conditions on BC storage in Alisols could not be found. 
Black carbon in Vertisols 
Vertisols showed the typical morphological features of soils rich in expandable clays, such as 
large cracks and bumpy surfaces (beside the agricultural plots) and large wedge-shaped 
aggregates formed due to soil swelling and shrinking with changing moisture. This strong 
peloturbation can cause OM incorporation into deeper soil horizons (Hulugalle and Entwistle, 
1997). However, SOC concentrations in Vertisols were low, possibly due to the lack of 
biomass return, the low sorption capacity of smectites toward organic anions, and possibly 
more effective mineralization of OM in the dry period along desiccation cracks (Bundt et al., 
2001). The lack of SOC accumulation may also explain extremely high proportions of BC in 
these soils, as it was selectively preserved (Brodowski et al., 2007). Residual biomass was 
frequently burned in sugar cane fields, and its BC was incorporated almost homogeneously 
into at least the 115 cm soil depth (Tab.VIII 2 in Appendix C; Fig.IV 1). Although we were 
told that rice straw was traditionally used as fodder in this region of Indonesia, BC contents 
were also elevated in the paddy soils (but to a smaller degree; p<0.005). This management 
effect became insignificant when looking at total and topsoil BC stocks. Peloturbation seemed 
to lead to a notably larger BC accumulation in Vertisol subsoils than in other soils (Fig.IV 1).  
The incubation study by Fang et al. (2014) showed that the MRT of BC in a Vertisol was the 
shortest of the four tested soils (young soils to weathered Ferralsols and Vertisols). Again, BC 
storage in the field contradicted laboratory findings. Possible reasons might be the BC input 
into the soil via peloturbation, which cannot be accounted for in laboratory studies, 
stabilization by physical enclosure in aggregates or sealed cracks, and site-specific differences 
in climate or burning practices during the last decades. In any case, BC degradation rates and 
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related mechanisms derived from laboratory experiments do not allow for proper estimation 
of BC contents in the field. Indicators of BC degradation were lacking. In other words, the 
BPCA composition remained stable throughout the paddy and non-paddy Vertisol profiles, 
with dominance of B5CA (35–40%). Also there was no effect of paddy management on BC 
contents. However, the non-paddy fields were monocropped with sugar cane. The type of land 
use involves intensive burning of crop residues as well. 
Black carbon in Gleysols/Fluvisols 
The Gleysol/Fluvisol pair in Italy was sampled as a reference site with no straw burning. The 
BC contents suggested that atmospheric BC inputs formed a background of at least 0.5 g BC 
kg-1 soil, which is about 20% of what was accumulated in the burned soils and 50% of that in 
the unburned Andosols (Tab.VIII 2 in Appendix C). Although sampled in an industrial region, 
this background was smaller than that in other soils in remote areas in Europe (~1 g kg-1 BC; 
Nam et al., 2008). Overall, the small background BC contents indicated that straw burning 
elevates BC levels in soil much more than atmospheric inputs. 
Gleysols are often enriched in SOC due to input of dissolved OM in the oxidized horizon 
mobilized under anoxic conditions in adjacent settings and the slowed decomposition of OM 
under water-saturated conditions. Indeed, SOC concentrations were higher in the paddy-
managed Gleysols, likely due to both the groundwater input and the seasonally water-
saturated topsoil. Riedel et al. (2014) and Said-Pullicino et al. (2015) showed that reductive 
dissolution of Fe and Mn oxides in a gleyic Fluvisol caused preferential release of aromatic 
carbon forms similar to BC. This process, together with vertical fluxes of DOC into the 
subsoil in these coarse-textured soils might favor BC enrichment at a 20–42 cm depth (Fig.IV 
1) (Said-Pullicino et al., 2015). Overall, BC contents in the Gleysol/Fluvisol pair were low, 
and detection limits for BPCAs were even reached for subsoils (Tab.VIII 2 in Appendix C). 
Black carbon in Cambisols 
The BC accumulation in Cambisols under paddy and non-paddy management was previously 
discussed in detail (Lehndorff et al., 2014). Burning was practiced at all sites, leading to a BC 
contribution to SOC of about 10% in the topsoil horizons (Tab.VIII 2 in Appendix C). 
Compared to other soil groups, topsoil BC concentrations ranged second together with the 
Indonesian Alisol (Fig.IV 1). Clay and Fe oxides contents were comparable to Chinese 
Alisols (Fig.IV 3). The main differences were pH, which was almost neutral, and the silty 
texture (75% silt) (Kölbl et al., 2014). However, a prominent factor for BC stabilization could 
not be shown. The subsoils of these Cambisols had BC contents even larger than those of the 
Vertisols (Fig.IV 1), likely due to burial of former topsoil horizons (Lehndorff et al., 2014). 
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We considered BC enrichment in Cambisol subsoils as an exceptional case, partly 
independent from soil properties.  
 
Mineralogical controls on BC storage 
Overall, total BC storage was soil-specific (p<0.0001), but this depended on multiple factors. 
For Andosols and Alisols, we expected a control of redox-processes on BC storage. In other 
words, we expected to find elevated BC contents in paddy soils that greatly depend on 
frequent changes in aerobic/anaerobic conditions. Although elevated stocks in paddy-
managed topsoil were found for Andosols (Fig.IV 2), other parameters, such as BC input, 
were responsible for this accrual. We showed that Vertisols and Cambisols exhibited 
significantly different and greater BC storage potential compared to other soils (Fig.IV 2). 
Large BC stocks in Vertisols could be related to effective translocation of BC into the subsoil 
by peloturbation. The BC stocks of the tested Cambisols were affected by buried topsoil 
horizons, so may not be representative for this soil group. Surprisingly, subsoil BC 
accumulation greatly varied and was mainly responsible for the differences in total BC stocks 
between the soil groups under study (Fig. 3). Rodionov et al. (2010) found a range of 15–35 t 
BC ha-1 in depth profiles of grassland chernozemic soils, which also had the largest shares of 
BC stored in the subsoil. Topsoil BC stocks differed less. Burned Vertisol, Andosol, and 
Alisol stocks were statistically not different and ranged from 3.6–5.3 t BC ha-1 (Fig.IV 2).  
In line with this sequence of BC storage, the abundance of clay-sized minerals in all soils had 
the highest correlation with BC enrichment (BC in g C kg-1 SOC, R² = 0.5, p<0.0001;Fig.IV 
3). However, this was mainly due to Vertisol horizons. In contrast, in subsoils of the 
Indonesian Alisol, where clay contents were also high, BC proportions were low. The 
correlation with BC and Fe oxides for all soils was reciprocal (Fig.IV 3). A correlation was 
only found for top- and subsoil horizons for Vertisols (less BC/more Fe oxides in the topsoil) 
and on paddy- or non-paddy-managed Andosols (less BC/more Fe oxides in the non-paddy 
cropping system; Fig.IV 3). A few other studies showed that Fe and BC dynamics are 
coupled, especially with varying water saturation (Riedel et al., 2014). Nevertheless, we 
found only a weak positive correlation of BC to Fe oxides for the non-paddy-managed Alisols 
(Indonesia) (R² = 0.55; Fig.IV 3). Again, this contrasts with Fang et al.’s (2014) laboratory 
findings that high Fe contents would promote BC enrichment. Possibly Fe oxides may rather 
promote overall SOC enrichment, thus, diluting the overall contribution of BC to SOC. It 
became obvious in our study that BC input may strongly control BC storage. How this 
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masked the effects of Fe oxides on BC storage in paddy soils should be clarified in future 
studies.  
 
Black nitrogen formation and accumulation in soil 
Accumulation of aromatic N forms in soil has been related to inputs of burned OM (Knicker, 
2007). We found that combustion of rice straw increased the proportion of aromatic N by a 
factor of approximately 10 to more than 50% relative to amide and primary N, while total N 
yields were halved (Tab.VIII 3;Fig.VIII 1 in Appendix C). It seems reasonable to assume that 
input of such rice char would increase aromatic N in soil, as it also increased BC. However, 
we found no systematic correlation between BC and aromatic N. Instead, soils with low 
BC/SOC contents and low N contents (Andosols, Gleysol/Fluvisol) were relatively enriched 
in aromatic N (see Andosol in Fig.VIII 1 in Appendix C). Although a high signal to noise 
ratio in the XPS spectra may have affected aromatic N quantification (Fig.VIII 1 in Appendix 
C), a lacking clear shoulder in the spectra at 399 eV suggests low aromatic N contents. We 
hypothesize that aromatic N is rather a product of ageing of OM in soil (Schulten and 
Schnitzler, 1997). This is further supported by observations made for the Vertisols, which 
showed the highest BC/SOC contents but no detectable N forms (Fig.VIII 1 in Appendix C). 
We discussed that this soil accumulated fresh OM via the peloturbation typical of that soil. 
This fresh OM likely completely diluted total and aged aromatic N contents. It remains open 
what happened to the aromatic N from rice char. Some studies suggest that BN degrades 
significantly quicker than does BC (Hilscher and Knicker, 2011). The soil mineral assembly 
was also unlikely to control the storage of aromatic N, since soils with the most (Andosols) 
and least reactive phases (Fluvisol/Gleysol) seemed to have the highest aromatic N portions 
(Tab.VIII 3 in Appendix C). Consequently, we suggest that aromatic N forms in soil and BN 
may have different sources, properties, and turnover than BC.  
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5 Conclusion 
We found that crop-residue burning significantly increased BC stocks in arable top- and 
subsoils, leading to a maximum accumulation of 19 t BC ha-1 in Vertisols. Unburned sites had 
the smallest BC stock levels (< 4 t/ha). The BC stocks varied within soil groups, from 
Vertisols > Andosols > Alisols > Gleysols/Fluvisols. The BC accumulation in the subsoil was 
more specific for individual soil groups than that in the topsoil. Vertisols had the highest BC 
stocks, mainly due to effective incorporation of BC into the subsoil by peloturbation in 
combination with larger input. Thixotropic Andosols and Alisols likely bound BC in mineral-
organic complexes. However, we could not find a direct correlation between Al and Fe oxide 
concentrations and BC. A positive effect of paddy management on BC stocks was found only 
in unburned soil, likely due to a masking by high input of burned waste and crop residue at 
the other non-paddy sites under study.  
We detected aromatic N in rice char and some soils, but found no hint of BN accumulation 
via burned crop residues. Our observations instead suggested that aromatic N in soil forms 
from other sources, such as during ageing of organic N.  
Overall, we conclude that in these systems differences in BC input and physical effects (such 
as soil texture, dense plow layers, and cementation by Fe oxides) control BC storage along 










The economical and resource-saving production of rice is crucial for the nutrition of mankind. 
One major problem in paddy soils is the low N use efficiency (Cassman et al. 1996b; Kögel-
Knabner et al. 2010a) caused by high emissions of NH3, N2, and N2O, by NO3-  leaching and 
N sequestration processes in soil (Cassman et al. 1996b; Geisseler et al. 2010a, Roth et al. 
2011, Jiang et al. 2013). Promising research resulted from a 2000 years paddy soil 
chronosequence suggesting that paddy soils may sequester significant amounts of N in 
microbial residues and aged amino acids (Roth et al. 2011). In addition, an accumulation of 
charred organic matter with yet unknown contribution to total N amount was observed 
(Kögel-Knabner et al. 2010; Lehndorff et al. 2014). However, it remained unclear to which 
degree such processes also hold true for paddy soils formed from different parent materials 
and in different countries. Therefore, I studied the influence of paddy management and 
different underlaying parent material on soil organic nitrogen (SON) and thermally altered C 
and N sequestration. Paddy and non-paddy cropped soils were sampled in three different 
climate zones (tropical, subtropical and temperate). The soil profiles comprised three 
replicates of Andosols, Alisols and Vertisols from Java (Indonesia), Alisols (China), and a 
Fluvisol and Gleysol (Northern Italy).  
As mentioned in the General Introduction (see chapter I), I formulated three hypotheses:  
 
2 Summary of the results 
i. Does paddy management lead to N sequestration in peptide bonds? 
Long-term paddy management promotes nitrogen sequestration, but it is unknown to what 
extent the properties of the parent material control the management-induced nitrogen 
sequestration in amino acids. I hypothesized that paddy management effects on the storage of 
N in amino acids (AA-N) relate to the mineral assembly. Hence, I determined contents and 
chirality (as marker for ageing) of peptide-bound amino acids in paddy soils from different 
major reference soil groups (Vertisols, Andosols, Alisols in Indonesia, Alisols in China, and a 
Gleysol/Fluvisol in Italy). Adjacent, non-paddy soils served as references. Representative top- 
and subsoil samples were pre-extracted with dithionite‒citrate‒bicarbonate (DCB) to better 
V Synopsis 
67 
understand the role of reactive oxide phases in AA-N storage, origin, and composition. The 
results showed that topsoil N- and AA-N stocks were significantly larger in paddy-managed 
Andosols and Chinese Alisols than in their non-paddy counterparts. In other soils, however, 
paddy management did not cause higher stocks of N- and AA-N, possibly because N-fixing 
intercrops masked the paddy management effects on N sequestration processes. Among the 
different major reference soil groups, AA-N stocks were largest in Andosols, followed by 
Alisols and Gleysol/Fluvisol pair, and lowest in Vertisols. The N storage in amino acid went 
along with elevated D-contents of bacteria-derived alanine and glutamic acid, as well as with 
increasing stocks of DCB-extractable oxides. D-amino acids, likely formed by racemization 
processes, did not vary systematically between paddy and non-paddy managed soils. My data 
suggests that the presence of oxides increase the N sequestration in amino acids after 
microbial N transformations. 
 
ii. Do bacteria or fungi promote high microbial N sequestration in paddy soils?  
Paddy management promotes nitrogen sequestration in microbial residues, but the mechanism 
and influencing factors are not fully understood. Paddy management inhibited the microbial 
decomposition of organic matter. Here, I assume that the slower build-up of microbial 
residues became easier protected from further decay by mineral-organo interactions, which 
were promoted by different redox phases. As a result, paddy soils should sequester more 
nitrogen in microbial residues than other cropping systems. I thus hypothesized that paddy 
management led to higher proportion of bacteria (vs. fungi), related to non-paddy managed 
soils due to better management adaptability (like waterlogging, puddling and intensive 
fertilization). Further, I hypothesized that the mineral assembly of the parent material is 
crucial for long-term N sequestration in microbially decomposed soil organic nitrogen via 
mineral-organo interactions. To test these hypotheses, I determined carbon and nitrogen 
stocks, 14/15N isotopes, amino sugar stocks, and calculated the microbial residue stocks in 
paddy and adjacent non-paddy top- and subsoils from different major reference soil groups 
(Vertisols, Andosols, Alisols in Indonesia, Alisols in China, and a Gleysol/Fluvisol in Italy). 
For soil characterization, I determined pH value, soil texture, and DCB-extractable oxides.  
Surprisingly, I did not find consistently larger organic carbon-, nitrogen-, and microbial 
residue stocks in paddy soils compared to adjacent non-paddy soils. Further, I could not 
confirm that paddy management led to higher proportions of bacteria (vs. fungi), related to 
non-paddy-managed soils. However, I found indices for a different response of bacterial and 
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fungal residue stocks to applied anthropogenic management, e.g., N-fixing intercrops 
enhanced N sequestration in bacterial residues.  
Independent from management, an increase of total N was correlated to an increase of 
microbial residue stocks in all soils under study. Soils with high stocks of DCB-extractable 
pedogenic oxides obtained larger microbial residue stocks, supporting my overarching 
assumption that the mineral assemblage of the parent soil significantly contributed to the 
storage of microbe-derived N.  
 
iii. To which extent can N sequestration in paddy soils be assigned to input of charred 
organic matter? 
Laboratory studies indicated that the turnover of soil black carbon (BC) also depends on soil 
mineral assembly. I hypothesized, therefore, that also the overall storage of BC and black 
nitrogen (BN) in soil relates to the abundance of reactive mineral phases, such as of Al, weak 
crystalline Fe oxides, and clay. Burning of crop residues and frequent flooding of paddy soil 
can lead to significant accumulation of BC, thus contributing to long-term C sequestration. In 
parallel, BN should accumulate in soil. Samples were analyzed for soil organic carbon (SOC) 
and BC, the latter by oxidation to benzene polycarboxylic acids (BPCAs). Abundance of BN 
(as aromatic N) was determined via XPS analysis for representative topsoil horizons.  
BC contents relative to SOC were surprisingly constant in each soil profile, suggesting that 
BC co-accumulated with SOC in all soils. The overall stocks of BC, however, differed from 
SOC stocks and were mostly soil-specific. Vertisols contained largest BC stocks (17-19 t ha-1 
in non-paddy and paddy fields), followed by Andosols and Alisols (6-10 t BC ha-1 under 
paddy management; 3-8 t ha-1 under non-paddy management); the Gleysol and Fluvisol had 
lowest BC stocks (3-4 t ha-1). In pre-tests, aromatic N proportions increased to > 50% of total 
N after combustion of rice straw. However, aromatic N was barely, or not detectable in 
studied soils, and there was no correlation to BC. I conclude that burned crop residues were 
not a major source of aromatic N in soil. BC and aromatic N showed no distinct relations to 
soil properties, such as the abundance of clay-sized minerals, and Al and Fe oxides. 
Differences in BC stocks between the soils were most pronounced in the subsoils, likely 









Surprisingly, I did not find consistently higher organic carbon-, nitrogen-, and microbial 
residue stocks in paddy soils compared to adjacent non-paddy soils formed on different parent 
materials. Indeed, my data suggested that rather the parent material controls microbial residue 
stocks and that the applied paddy management played a minor role for N sequestration in 
microbial residues under long-term cultivation. However, my sampling design of five paddy 
and non-paddy soils formed on different parent materials represented only a snapshot in a 
long-term history of paddy and non-paddy management. Yet, already from these few profile 
studies I may refuse the hypothesis that paddy management always leads to elevated N 
contents and microbial residue stocks in all paddy soils, because the content of oxides in soils 
overruled the effect of paddy management, i.e., frequent flooding, on total N and microbial 
residue N storage. To verify my new findings, I performed an additional experiment to 
understand the processes involved in N cycling in paddy soils. Therefore, I submerged 
aerobic agricultural topsoil (non-paddy) and cropped them for one season with rice. I assumed 
that the submergence of a non-paddy topsoil would influence the short-term fertilizer N 
cycling and sequestration in microbial residues. 
 
Microbial N sequestration in paddy soils 
To be able to elucidate differences in microbial N sequestration in paddy soils compared to 
non-paddy soils, I performed a 15N-labeling greenhouse experiment at the “Helmholtz 
Zentrum München”. It should shed light on short-time effects of paddy management on N 
sequestration in microbial residues under similar soil conditions to minimize the influence of 
different soil properties. I chose the topsoils (0-15 cm) of the Italian paddy (Gleysol) and non-
paddy (Fluvisol) for this study, because of unlimited supply of soil from this site. The 
experimental setup comprised three variants (n=4): ancient paddy soil cropped with rice (P-R) 
as control for continuous paddy cultivation, non-paddy soil cropped for the first time with rice 
(NP-R) and the same non-paddy soil cropped with maize (NP-M) as control for continuous 
non-paddy cultivation. All variants were distinguished between 15N-fertilized and non-
labelled-fertilized, but special interest referred to the recently submerged non-paddy soil 
cropped with rice (NP-R). From literature it is well known that with the submergence of rice 
fields the amount of algaes, fungi and actinomycetes decreases, while bacteria species 
dominate (Bossio and Scow, 1998; Kyuma, 2004; Nakamura et al., 2003; Said-Pullicino et al., 
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2014; Tian et al., 2013). Additionally, more obligate anaerobes (e.g. sulfate reducers), 
facultative anaerobes (e.g. denitrifiers) and archaea occur in paddy soils compared to non-
flooded soils (Bai et al., 2000; Kyuma, 2004). Therefore, I assumed that the topsoil of the 
recently submerged non-paddy soil cropped with rice will show enhanced N sequestration in 
microbial residues compared to the non-paddy soils with maize (NP-M).  
The experiments were carried out for one growing season, and samples of soil were taken at 
the beginning (days 0), before flowering/tillering (day 55) and close to harvest/flowering (day 
90) (for detailed information of the location and greenhouse experiment set up see Fig.IX 1 
and Fig.IX 2 in Appendix D). The microbial N sequestration was determined by estimation of 
microbial residues via amino sugar analysis and 15N enrichment in selected amino sugars 
(glucosamine and muramic acid), which served as biomarkers for fungi and bacteria. For 
estimation of applied 15N fertilizer in the three variants, I determined the 15N recovery of the 
bulk soil.  
At the beginning of the greenhouse experiment, the ancient paddy soil obtained slightly lower 
microbial residue contents compared to the non-paddy soil (Fig.IX 3 in Appendix D). During 
the 90 days, the content of microbial residues did not change significantly over the time in 
each variant (p> 0.1). Furthermore, I could not find any significant differences between the 
three variants (p>0.1) (for detailed results see Appendix D, chapter 3. Results).  
The glucosamine (Glu) to muramic acid (MurA) ratio of the ancient paddy soil (P-R) dropped 
due to increased concentrations of muramic acid. In the non-paddy soil cropped with rice 
(NP-R), the Glu to MurA ratio remained constant over time (Fig.V 1). In the non-paddy soil 
cropped with maize (NP-M), the Glu to MurA ratio increased, due to the increased 
concentration of glucosamine and decreased concentrations of muramic acid over time. 
The ancient paddy soil and the recently submerged non-paddy soil cropped with rice (NP-R) 
did not differ from each other significantly (p= 0.163) but were significantly different from 





Fig.V 1: Glucosamine (Glu)-to-muramic acid (Mur) ratio in the paddy soil with rice, non-paddy soil planted with 
rice and non-paddy soil planted with maize at day 1 (pre-seeding), day 55 (rice tillering) and day 90 (rice 
flowering). Asterisks indicate similarity (at day 1 there was no differentiation between non-paddy soils, because 
planting of rice and maize did not occur yet). The error bars represent the standard deviations of the field 
replicates (n = 4). 
 
15N recovery decreased in the direction non-paddy soil with maize > non-paddy soil cropped 
with rice = paddy soil with rice (p<0.05 for the comparisons of NP-M with the other two 
soils; p= 0.55 for the comparison of NP-R with P-R, for detailed results see Appendix D, 
chapter 3. Results). Similar low N fertilizer recoveries in paddy systems have also been 
reported by other researchers (e.g. Zhao et al., 2009; Dong et al., 2012, Zhang et al., 2012, 
Cao and Yin, 2015), who attributed these elevated N losses to submergence as a primary 
factor for NH3 volatilization, runoff and leaching, in addition to denitrification losses as 
indicated above.  
The low recoveries of fertilizer N suggested also that microbial sequestration processes were 
fairly ineffective in retaining the fertilizer 15N in soil (Fig.IX 4 in Appendix D). Nevertheless, 
incorporation of 15N fertilizer into microbial residues (determined in glucosamine and 
muramic acid) were detectable and highest in the paddy soil cropped with rice (P-R), 
followed by the non-paddy soil with rice (NP-R) and lowest in the non-paddy soil with maize 
(NP-M), despite the latter retained the highest overall amount of fertilizer N. The N fertilizer 
incorporation into amino sugars was assessed by atom percentage excess (APE). 
Contrary to my expectations, there was no systematic shift from bacterial N residues to fungal 
N residues, only the variant with the long-term paddy soil with rice (P-R) showed higher 15N 
fertilizer incorporation in bacterial and fungal residues, compared to the two other variants 
(Fig.V 2). For detailed analytic method and calculation description see Appendix D, chapter 




Fig.V 2: 15N fertilizer recovery expressed as atom percentage excess (APE) of glucosamine (biomarker for 
fungal residues) and muramic acid (biomarker for bacterial residues) in the paddy soil with rice, non-
paddy soil cultivated with rice and non-paddy soil with maize at day 1 (pre-seeding; non-labeled), day 
55 (tillering; 55 days after first labeling, with 127.575 mg N urea per pot) and day 90 (flowering; 35 
days after second labeling, with 72.9 mg N urea per pot). The error bars represent standard deviations of 
the greenhouse pot replicates (n=4). 
 
In summary, I could not find a higher N sequestration in microbial residues after one season 
of rice cropping on a non-paddy soil. 
However, my data showed that the N cycle is immediately influenced by paddy management, 
as evidenced by low overall 15N recovery, however, microbial N transformation rates were 
slow. It is thus unlikely that one specific cropping season may affect the amount of 
microbially sequestered N significantly. Hence, the detected differences among our sites more 
likely reflect true long-term, repeated cycling of microbial residues, which according to recent 
evidence exhibit a mean residence time of up to 8 years (Derrien and Amelung, 2011; 
Fuhrmann et al., 2018).  
However, my data showed that recently introduced paddy management on a non-paddy soil 
decreased the 15N recovery of applied N fertilizer in bulk soil immediately compared to the 
non-paddy soil with maize (Fig.IX 4 in Appendix D). Several studies reported similar low N 
fertilizer recoveries in paddy systems of 10 - 24 % and 23 - 29 % in the wheat season (Cao 
and Yin, 2015; Dong et al., 2012; Zhao et al., 2009; Zhang et al., 2012) and higher N fertilizer 
recoveries in non-paddy systems (e.g., 13 – 45 % in wheat season and wheat-maize rotation 
(Zhao et al., 2009, Ju et al., 2007). They determined the submergence as a primary factor, 
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which rapidly promotes NH3 volatilization, runoff and leaching and assumed this as the major 
factors for N losses in paddy soils. Particularly, NH3 can be formed of urea, so that in flooded 
soils NH3 volatilization achieved highest peaks after three days of urea application (Shang et 
al., 2014). These studies underline our findings that N fertilizer recovery in soil also quickly 
responds to management changes. Hence, I assume that the low N fertilizer recovery in the 
paddy and non-paddy soil cropped with rice could be caused by higher NH3 volatilization, 
which was induced by the submergence.  
With regard to the microbial residues, the non-paddy cropped with rice differs to the non-
paddy with maize, which gives support to the question that newly converted soils are more 
vulnerable to changes in microbial N sequestration than others. Apparently, the recently 
applied paddy management inhibited a shift to more fungal microorganisms (as observed in 
the non-paddy with maize) so that larger portions of bacterial residues prevailed. This agrees 
with previous studies, which reported that bacteria dominate fungi in paddy (or rather 
submerged) soils (Bossio and Scow, 1998; Drenovsky et al., 2004; Nakamura et al., 2003; 
Said-Pullicino et al., 2014; Tian et al., 2013; Unger et al., 2009). Also Roth et al. (2011) 
found a faster adaption of bacteria than of fungi to submergence. This supports my 
assumption of a decreasing fungal biomass and a relative accumulation of bacterial biomass 
in the non-paddy soil with rice. Hence, I assume microbial N sequestration in paddy soils is 
species-specific, even if effects on fungal and bacterial residue dynamics are in part 
compensated so that the overall amount of microbially sequestered N was not affected. 
However, in summary I could not find significant differences in microbial N sequestration 
between paddy and non-paddy soils, which supports my hypothesis that the mineral 
assemblage plays a major role in microbial N sequestration. 
 
Mineral controls on the sequestration of N in fungal and bacterial residues 
Any storage of N in microbial residues is controlled by the balance between microbial 
transformation rates (N loss, catabolic pathways) and microbial sequestration of N (anabolic 
pathways; Liang et al., 2017). Indeed, low fertilizer recovery after land submergence and 
several earlier studies showed that there are significant denitrification losses in paddy soils 
(Cassman et al. 1996, Geisseler et al. 2010a). However, microorganisms also contribute to the 
low N use efficiency by immobilizing N in their residues (Cucu et al., 2014; Said-Pullicino et 
al., 2014; Roth et al., 2013; Ding et al., 2011a). These N sequestration processes operate at a 
scale of decades (Roth et al. 2011, Said-Pullicino et al.; 2014, see also results from the 
greenhouse study outlined above). They do thus interlink with other process of SOM 
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stabilization, such as sorption at or encrustation within soil particles (Christensen, 1992: Ladd 
et al., 1993). Lützow et al. (2008) thus concluded that stabilization of SOM by interaction 
with minerals is of increasing importance in the long-term cycling of SOM. With regard to 
SON, amino acids and amino sugars can be bound to minerals by cation exchange reactions of 
their amino group or by ligand exchange with metal hydroxides by their carboxyl group 
(Cheshire et al. 2000).  
The suggestion that different parent material contributes also to different storage of SON in 
tropical soils was, e.g., also investigated by Moritz et al. (2009). They reported for tropical 
forests that the sedimentary substrates preserved higher amounts of amino sugars than 
metamorphic, ultrabasic substrates and linked this to changes in iron oxide crystallinity in the 
subsoil. Another study was published for a chronosequence of aerated, volcanic soils in 
Hawaii (Mikutta et al. 2010). They investigated amino sugars, amino acids and 14C content of 
mineral-bound SON and could show a strong initial association of acidic amino acids to metal 
(hydr-)-oxides, organic precipitates and variable-charge minerals. They conclude that the 
mineral-associated N in the crystalline topsoils seemed to be actively involved in N cycling.  
In paddy soils, Fe oxides undergo reductive dissolution under anoxic, and re-precipitation 
under oxic conditions. The re-formation of poorly crystalline Fe in oxic phases may 
additionally contribute to SON accumulation due to co-precipitation of organic matter 
(Eusterhues et al., 2011, Chen et al., 2014). As a result, paddy soils with high contents of 
pedogenic oxides sequester more nitrogen in microbial residues compared to other cropping 
systems. These findings are in line with my data. The volcanic parent material, on which 
Andosols in my study were formed, could thus support a sequestration of microbial N due to 
elevated contents of reactive, short range-ordered Fe oxides and allophane-imogolite-type 
phases (Winkler et al. 2016). Indeed, I found largest Nt stocks in Andosol topsoils. What is 
more, also microbial residue N was enriched though at similar magnitude as in the Javenese 
Alisols, which are also rich in pedogenic oxides (Winkler et al., 2016). It seemed thus 
reasonable to conclude that pedogenic oxides play a major role for N sequestration in paddy 
soils. The other soils in my study contained lower pedogenic oxide contents and I did find an 
enhanced N sequestration in the paddy soils compared to their non-paddy counterparts. 
Furthermore, I hypothesized that paddy management led to higher proportion of bacteria (vs. 
fungi), related to non-paddy managed soils due to better management adaptability (like 
waterlogging, puddling and intensive fertilization). I could not confirm this hypothesis, 
neither in the field study nor in the greenhouse study.  
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From literature, fungi usually dominate in acidic soils with low amounts of available 
nutrients, recalcitrant organic matter, and high C/N ratios (Blagodatskaya und Anderson 
1998; Holland und Coleman 1987). The populations of fungal hyphae grow slowly, but are 
more resistant against further microbial decomposition than bacterial polymers 
(Guggenberger et al. 1999; Webley and Jones 1971). In nutrient-rich soils, in contrast, the 
bacterial community was found to dominate due to their ability for fast cycling of nutrients 
and accompanied rapid growth of communities. Additionally, they provide a rather quick 
response to environmental changes (Hayat et al., 2010; Ingwersen et al. 2008). It is know, that 
the microbial community is sensitive to anthropogenic management. Hence, I assume that the 
diverse crop management on my field study may overwrite higher proportions of bacterial 
residues in paddy soils. For instance, the Andosol-derived paddies had Chinese cabbage as 
intercrop. Usually only the upper leaves were harvested with no submergence of the soil and 
these results in a high remain of organic matter (Hill 1990). A comparable organic matter 
input appeared at the non-paddy sites with the cultivation of cassava. Liang et al. (2007) 
found that high plant material in put significantly increased microbial activity and residues. I 
assume that the intercrop on the paddy site and management on the non-paddy site overwrites 
effects of paddy management. 
At the Javanese Alisol site, the farming was less intensive. The crop rotation was diverse 
(cabbage, cassavas and bananas), plant residue input was higher and fertilizer application was 
lower. Dick (1992) mentioned that manure, and plant diversity is more important in 
maintaining soil microbial activity than conventional tillage in monoculture systems. The 
non-paddy fields were fertilized with manure and showed higher bacterial residue stocks. 
Additionally, the non-paddy fields were surrounded with legume trees. Therefore, I assume 
that the bacterial community was more prominent, which resulted in higher δ15N values at the 
Javanese Alisol site. 
At the Vertisol site, the intensive land-use and the input of fresh organic matter likely 
promoted bacterial N cycling as observed in another study (Joergensen und Wichern 2008), 
however, the Vertisols still obtained the lowest microbial residue stocks. Monoculture 
systems, like on the Vertisol sites, mainly lead to a decrease of diversity in the microbial 
community (Dick 1992). Also an intensive use of mineral fertilizer can reduce the microbial 
community (Yoneyama et al., 1990). Intensive tillage decreases the fungal community, due to 
their preference of continuous soil structure stability to build their complex hyphae in 
macroaggregates (Chantigny et al. 1997; Simpson et al. 2004). At the studied Vertisol sites 
the sugar cane fields and the paddy fields were deeply ploughed and both temporarily 
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submerged. I assume that ploughing, the Vertisol-inert self mulching, and the low content of 
pedogenic oxides hinder microbial N sequestration. Although the rates of bacterial turnover 
are higher in the Vertisols, missing stabilization mechanisms affected sequestration of 
bacterial N. 
The Gleysol/Fluvisol pair differed regarding their agricultural management to the other 
studied soils, as there was no puddling, only one harvest per year and a long fallow period. 
The hyphae net of the fungi community grows slowly and prefers long fallow periods and/or 
low tillage because of slow growth in macroaggregates (Chantigny et al., 1997, Guggenberger 
et al., 1999). Furthermore, fungi need less fresh organic matter input due to their better 
decomposition efficiency for recalcitrant organic compounds (Joergensen und Wichern 2008). 
Therefore, the δ15N values and AZ-N stocks were slightly lower at the Italian site compared 
with the other sites, which support my assumption that fungal residues were dominant in 
Italian site.  
In summary, I found indices that the microbial community responded to fertilization, plant 
residue input, tillage and crop rotation. However, this was not the focus of my study and to 
verify these ideas, further research is necessary.  
 
4 Outlook 
In this study, I was able to elucidate that the parent material plays a major role for long-term 
N sequestration in paddy soils. My data suggests that the presence of pedogenic oxides 
increase the N sequestration after microbial N transformation. To elucidate to role of 
pedogenic oxides and assumed accompanied increase of SON aging, dating of isolated amino 
acids or, even better, of isolated amino sugars, would be necessary. As described in the first 
chapter of this study, microbially transformed amino acids were enriched in Andosols but 
hardly accumulated in Vertisols. As oxide removal went along with a loss of amino acids 
including those typical for peptidoglycane, I infer that oxidic mineral phases controlled long-
term organic N cycles irrespective from current land-use. Elucidating the net rates of 
microbial N sequestration, e.g., by using compound-specific stable isotope analyses and 
radiocarbon dating, might now warrant further attention. A challenging task will be the dating 
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Tab.VI 1: D/L ratios of alanine, glutamic acid, aspartic acid and lysine; n= number of field replicates, *= 




soi l soi l
s i te n  depth depth
[cm] [cm]
Andosols 3 0-8 0.17 ± 0.04 0.12 ± 0.01 0.19 ± 0.01 0.04 ± 0.00 0-7 0.19 ± 0.03 0.15 ± 0.03 0.37 ± 0.04 0.02 ± 0.01
(Java) * 8-22 0.18 ± 0.04 0.12 ± 0.01 0.21 ± 0.01 0.04 ± 0.01 7-16 0.22 ± 0.03 0.15 ± 0.03 0.53 ± 0.08 0.02 ± 0.01
3 22-29 0.19 ± 0.04 0.14 ± 0.01 0.24 ± 0.02 0.05 ± 0.02 16-28 0.27 ± 0.08 0.17 ± 0.04 0.86 ± 0.17 0.03 ± 0.02
* 29-35 0.23 ± 0.03 0.15 ± 0.03 0.41 ± 0.14 0.05 ± 0.02 28-56 0.29 ± 0.07 0.16 ± 0.01 0.99 ± 0.22 0.02 ± 0.01
3 35-50 0.32 ± 0.07 0.15 ± 0.01 0.70 ± 0.25 0.04 ± 0.01 56-78 0.23 ± 0.01 0.18 ± 0.03 1.06 ± 0.18 0.04 ± 0.01
* 50-75 0.26 ± 0.01 0.17 0.83 ± 0.07 0.04 ± 0.00 78-100+ 0.37 ± 0.00 0.14 1.12 ± 0.00 0.02
1 75-105+ 0.41 0.15 0.91 0.03
Al isols 3 0-7 0.16 ± 0.03 0.13 ± 0.01 0.08 ± 0.01 0.05 ± 0.01 0-7 0.19 ± 0.03 0.15 ± 0.02 0.09 ± 0.00 0.03 ± 0.02
(Java) * 7-15 0.21 ± 0.04 0.14 ± 0.01 0.11 ± 0.02 0.05 ± 0.02 7-14 0.21 ± 0.01 0.17 ± 0.01 0.10 ± 0.01 0.05 ± 0.00
3 15-20 0.23 ± 0.05 0.16 ± 0.02 0.12 ± 0.03 0.06 ± 0.02 14-22 0.21 ± 0.01 0.20 ± 0.02 0.12 ± 0.02 0.08 ± 0.04
* 20-55 0.29 ± 0.06 0.15 ± 0.02 0.17 ± 0.02 0.07 ± 0.01 22-46 0.24 ± 0.02 0.20 ± 0.03 0.15 ± 0.02 0.07 ± 0.03
3 55-72 0.30 ± 0.05 0.17 ± 0.03 0.23 ± 0.02 0.08 ± 0.05 46-63 0.29 ± 0.07 0.19 ± 0.05 0.17 ± 0.03 0.07 ± 0.02
1 72-90+ 0.32 0.15 0.22 0.11 63-83 0.26 0.19 0.16 0.07
1 83-100+ 0.39 0.15 0.18 0.08
Al isols 3 0-8 0.09 ± 0.01 0.07 ± 0.00 0.05 ± 0.00 0.03 ± 0.01 0-12 0.13 ± 0.01 0.13 ± 0.02 0.06 ± 0.01 0.03 ± 0.01
(China) * 8-15 0.11 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 12-22 0.17 ± 0.02 0.15 ± 0.01 0.08 ± 0.01 0.02 ± 0.01
3 15-20 0.11 ± 0.02 0.09 ± 0.00 0.07 ± 0.00 0.05 ± 0.01 22-33 0.18 ± 0.01 0.20 ± 0.02 0.11 ± 0.02 0.04 ± 0.01
* 20-28 0.15 ± 0.01 0.10 ± 0.02 0.10 ± 0.00 0.05 ± 0.02 33-56 0.20 ± 0.02 0.20 ± 0.02 0.13 ± 0.03 0.04 ± 0.01
3 28-42 0.21 ± 0.03 0.13 ± 0.01 0.14 ± 0.01 0.06 ± 0.02 56-80 0.19 ± 0.01 0.19 ± 0.03 0.16 ± 0.05 0.04 ± 0.02
* 42-60 0.22 ± 0.03 0.16 ± 0.03 0.20 ± 0.03 0.09 ± 0.01 80-100+ 0.21 ± 0.01 0.20 ± 0.02 0.16 ± 0.02 0.06 ± 0.04
1 60-95+ 0.32 0.18 0.07 0.26 0.10
Fluvisol 1 0-13 0.11 0.09 0.07 0.09 0-15 0.16 0.14 0.07 0.07
Gleysol 1 13-25 0.12 0.08 0.06 0.06 15-30 0.16 0.13 0.07 0.06
(Ita ly) 1 25-34 0.14 0.1 0.08 0.07 30-70 0.19 0.19 0.14 0.09
1 34-43 0.18 0.15 0.12 0.13 70-85+ 0.17 0.1 0.62 0.09
1 43-53 0.22 0.18 0.16 0.15
1 53-80 0.23 0.19 0.16 0.12
1 80-90 0.19 0.2 0.15 0.13
1 90-110+ 0.20 0.21 0.18 0.13
Verisols 3 0-8 0.09 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.02 ± 0.01 0-10 0.12 ± 0.02 0.10 ± 0.01 0.07 ± 0.01 0.02 ± 0.01
(Java) * 8-20 0.15 0.09 0.09 0.01 10-23 0.16 0.11 0.08 0.00
3 20-27 0.14 ± 0.06 0.11 ± 0.00 0.11 ± 0.00 0.05 ± 0.02 23-29 0.09 ± 0.03 0.14 ± 0.04 0.12 ± 0.05 0.02 ± 0.02
* 27-47 0.18 0.08 0.12 0.01 29-55 0.15 0.09 0.11 0.02
3 47-90 0.16 ± 0.06 0.14 ± 0.04 0.16 ± 0.04 0.08 ± 0.04 55-100 0.13 ± 0.04 0.12 ± 0.04 0.13 ± 0.02 0.04 ± 0.01
1 90-115+ 0.16 0.09 0.13 0.01 100-120+ 0.16 0.08 0.13 0.02
Paddies Non Paddies
Lys ine
D/L ratios  of D/L ratios  of
Glutamic acid Glutamic acidAlanine Apartic acid Alanine Apartic acid Lys ine






































Fig.VI 1: (a,b) Dithionite-extractable FeD, AlD and MnD stocks in paddy (P) and non-paddy (NP) in (a) 
top- and (b)subsoils of five major reference soil groups (3 field replicates, except for Italian site); 
data taken from Winkler et al., 2016). 
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Fig.VI 2: Relationships between dithionite extractable FeD, AlD and MnD stocks and the stocks of Nt AA-N, 
and the D/L ratio of alanine and glutamic acid. 
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P<   0.0001
 
Fig.VI 3: Correlation between dithionite-extractable FeD and AlD indicates atomic substitution exchange 
of Fe for Al in soil oxides. 
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Soil type Country Texture
Precipitation [mm] 
/ climate





Hapl ic Gleysol  (Eutric, 
Arenic, Dens ic)
Oryza sativa  (ri ce), fa l low
100 kg ha -1 horn and hoofs , 420 kg ha -1 
NPK*, 75 kg ha -1 urea











Zea mays (maize), fa l low
100kg ha -1 horn and hoofs , 500 kg ha -1 
NPK*, 600kg ha -1 urea








Cutanic Hypera l ic Alisol 
(Chromic)
Arachis hypogaea (peanuts ), 
Sesamum indicum  (sesame), 




Esca l ic Hydragrick 
Anthrosol  (Dystric)













Hydragrick Anthrosol  
(Eutric, Clayic) Indones ia  
(Java)
Ngawi
Manihot esculenta  (cassava), 















Urea, NPK, SP-36 (superphosphate, 36%) 
and partly manure
Puddl ing with 
hand tractor 5 -6 t ha
-1
Hoe UnknownManure, urea  and NPK*
300 kg ha -1 urea, 200 kg ha -1 NPK, SP-36 
(superphosphate, 36%) and manure
Ita ly,
Zeme
Si landic Andosol (Dis tric, 
Thixotropic)
Manihot esculenta (cassava), 
Zea mays (maize)




tropica l  (25°C)
Andosol-derived paddy 
Esca l ic Hydragrick 
Anthrosol  (Dystric)
Oryza sativa  (ri ce), Oryza 
sativa , Brassica rapa chinensis 
(cabbage)
2000-3000 / 
tropica l  (27°C)
Oryza sativa  (ri ce), Oryza 
sativa , Nicotiana spec. 
(tobacco)
Pisoca lcic Mol l i c Grumic 
Vertisol (Humic, 
Hypereutric, Pel l i c)
Saccharum officinarum  (sugar 
cane)
Alisol-derived paddy 
Esca l ic Hydragrick 
Anthrosol  (Dystric, 
Clayic)
Oryza sativa (rice), Oryza 




tropica l  (27°C)Hypera l ic Alisol 




Si l t-clay loam
Si l t loam
Clay-s i l t clay
Sandy loam
Si l t-clay loam
Only manure 
Puddel ing with 
buffa l los 3 t ha
-1
Hoe Unknown
50 kg ha -1 NPK*, 50 kg ha -1 ammonium 
sul fate, 25 kg ha -1 urea, 25 kg ha -1 TSP 
(triple superphosphate, 46%) and 25 kg 
ha -1 SP-36 (superphosphate, 36%)
Puddl ing with 
hand tractor
Unknown
1000kg ha -1 green manure, 200 kg ha -1 
ammonium sul fate, 600 kg ha -1 NPK*













Puddl ing with 
hand tractor
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Residual plant material 
is burnt in piles and 
spread over the field
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> 50 m from main 5 N 30°10.989´ / 
E 121°08.724´
a soil, parent material and climate from Winkler et al. (2016)
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Tab.VIII 2: Concentration of Black Carbon derived C (BC-C) and single BPCA proportions on total BC in a) 
paddy soils and b) non-paddy soils. (B3CAs = S tricarboxylic acids, B4CAs = S tetracarboxylic acids, 
B5CA = pentacarboxylic acid, B6CA = mellitic acid; bdl=below detection limit). 
 
  
a) site depth horizon
[cm]
Andosol 0-9 ± 1 Alp1 0.67 ± 0.07 42.01 ± 2.34 2.39 ± 0.25 56.91 ± 4.48 4.05 ± 0.23 22.93 ± 0.54 40.56 ± 0.89 32.46 ± 0.34
paddy 8-22 ± 1 Alp2 0.76 ± 0.05 42.28 ± 2.53 2.25 ± 0.10 53.26 ± 1.22 4.08 ± 0.11 22.82 ± 0.28 40.42 ± 0.48 32.67 ± 0.50
22-31 ± 3 Aldp 0.75 ± 0.02 34.77 ± 7.05 1.97 ± 0.11 57.95 ± 9.68 4.75 ± 0.32 24.48 ± 1.09 37.88 ± 0.45 32.89 ± 0.98
29-35 Bl 0.93 ± 0.08 24.64 ± 1.36 55.28 4.78 28.06 36.54 30.61
35-50 Bgc1 0.82 ± 0.08 16.38 ± 0.99 60.68 3.92 25.90 40.47 29.71
50-75 Bgc2 0.77 ± 0.06 9.97 ± 0.35 ± 0.11 46.87 ± 5.92 4.76 ± 3.51 46.59 ± 3.84 23.69 ± 2.34 24.96 ± 2.01
75-105 Bw 0.72 ± 0.04 6.20 ± 0.18 29.63 2.77 44.26 23.61 29.36
Alisol (I) 0-7 ± 0 Alp1 0.88 ± 0.05 20.04 ± 1.29 1.91 ± 0.28 95.48 ± 13.57 5.43 ± 1.78 26.63 ± 2.84 37.80 ± 5.52 30.14 ± 0.90
paddy 7-17 ± 0 Alp2 0.97 ± 0.03 18.20 ± 0.83 1.66 ± 0.22 91.51 ± 15.68 6.85 ± 1.78 28.69 ± 1.12 34.52 ± 3.80 29.93 ± 1.73
17-23 ± 3 Alcdp 1.13 ± 0.08 12.95 ± 0.77 1.42 ± 0.11 109.94 ± 2.52 4.75 ± 0.23 27.25 ± 0.25 38.55 ± 0.33 29.45 ± 0.28
25-48 B(t)gc1 0.97 ± 0.01 10.96 ± 0.89 81.48 4.85 24.24 37.15 33.76
48-75 B(t)gc2 0.93 ± 0.01 9.90 ± 0.80 ± 0.21 92.90 ± 10.25 5.91 ± 0.51 33.74 ± 3.35 32.95 ± 1.77 27.40 ± 2.88
75-95+ B(t)gc3 0.88 ± 0.03 6.98 ± 0.43 61.34 3.37 27.40 32.39 36.84
Vertisol 0-8 ± 1 Alp1 0.92 ± 0.92 14.93 ± 1.26 2.08 ± 0.14 140.73 ± 20.70 5.71 ± 0.20 28.32 ± 0.54 35.12 ± 0.58 30.86 ± 0.13
paddy 8-18 ± 2 Alp2 1.04 ± 1.04 11.99 ± 2.09 2.07 ± 0.07 176.58 ± 33.93 5.55 ± 0.28 27.96 ± 0.72 35.29 ± 0.78 31.21 ± 0.39
18-26 ± 1 Aidp 1.03 ± 1.03 8.25 ± 2.00 2.04 ± 0.26 252.00 ± 28.98 3.81 ± 0.21 25.94 ± 0.16 39.98 ± 0.70 30.28 ± 0.70
27-47 Bwi 1.00 ± 1.00 5.16 ± 1.65 319.00 4.27 26.94 39.88 28.92
47-90 Bigc 1.01 ± 1.01 4.76 ± 1.76 ± 0.18 322.24 ± 23.64 4.77 ± 0.09 27.03 ± 0.45 38.50 ± 0.28 29.71 ± 0.33
90-115+ Bikgc 0.99 ± 0.99 4.64 ± 1.38 296.70 4.55 26.54 40.38 28.53
Cambisol 0-10 Alp1 1.06 ± 0.02 23.20 ± 1.90 1.98 ± 0.25 84.77 ± 14.34 6.75 ± 2.33 29.11 ± 3.84 29.57 ± 2.52 34.57 ± 2.43
paddy  10-16 Alp2 1.20 ± 0.02 18.00 ± 1.80 1.87 ± 0.37 99.48 ± 15.09 12.20 ± 12.89 28.97 ± 5.53 27.72 ± 5.95 31.11 ± 5.92
16-22 Ardp 1.46 ± 0.03 8.60 ± 0.50 1.15 ± 0.15 133.69 ± 18.57 7.28 ± 3.97 28.82 ± 3.82 30.99 ± 2.93 32.91 ± 4.80
22-45 Bg 1.49 ± 0.01 4.10 ± 0.60 0.96 ± 0.24 225.19 ± 62.96 10.42 ± 3.83 31.62 ± 3.62 31.07 ± 2.96 26.89 ± 3.21
45-69 2Ahgb 1.53 ± 0.04 5.30 ± 0.60 1.62 ± 0.58 369.87 ± 169.58 6.44 ± 4.39 28.88 ± 3.22 32.90 ± 3.27 31.78 ± 3.71
69-106 2Blg1 1.45 ± 0.01 3.30 ± 0.40 1.25 ± 0.60 321.10 ± 108.50 9.40 ± 4.38 29.15 ± 3.96 30.79 ± 2.22 30.66 ± 4.88
106-116 3Ahlgb 1.50 ± 0.05 6.00 ± 0.90 3.05 ± 0.09 433.80 ± 13.39 5.88 ± 1.65 31.23 ± 5.12 32.44 ± 5.02 30.45 ± 1.92
Alisol (C) 0-9 ± 1 Alp1 0.81 ± nd 26.2 ± 0.22 1.62 ± 0.13 67.99 ± 1.85 3.09 ± 0.13 24.74 ± 0.13 33.40 ± 0.68 38.77 ± 1.07
paddy 15-20 Ardp 1.59 ± nd 9.4 ± 0.85 89.97 4.09 22.89 35.14 37.89
20-28 Bl 1.39 ± nd 5.8 ± 0.53 92.37 3.59 27.25 37.39 31.76
28-42 Bg1 1.42 ± nd 3.5 ± 0.38 108.52 4.24 34.83 33.14 27.79
60-95+ Bg3 1.21 ± nd 3.1 ± 0.22 71.91 2.83 49.02 25.20 22.95
Gleysol 0-13 Arp1 1.42 ± nd 11.67 0.52 44.77 4.13 34.15 32.87 28.86
paddy 13-25 Arp2 1.49 ± nd 11.75 0.53 44.91 3.58 31.95 35.40 29.07
25-34 Ardp 1.82 ± nd 6.20 0.41 66.96 3.43 37.31 31.00 28.25
34-43 Brd 1.93 ± nd 3.23 0.23 71.04 3.84 64.67 31.49 bdl
43-53 Bg1 1.74 ± nd 2.39 0.18 75.85 1.51 67.77 30.72 bdl
53-80 Bg2 1.64 ± nd 2.44 0.16 64.58 0.52 58.11 41.36 bdl
80-90 2CBw 1.61 ± nd 2.16 0.08 37.97 bdl 34.94 65.06 bdl
90-110+ 3C 1.46 ± nd 1.82 0.08 41.34 bdl bdl 100.00 bdl
BC-C





B3CAs B4CAs B5CA B6CA
%
b) site depth horizon B3CAs B4CAs B5CA B6CA
[cm]
Andosol 0-10 ± 3 Ah1 0.67 ± 0.05 37.27 ± 3.13 0.98 ± 0.09 26.24 ± 2.57 3.57 ± 0.29 22.28 ± 0.97 39.55 ± 1.57 34.60 ± 0.66
non-paddy 7-20 ± 3 Ah2 0.65 ± 0.04 34.59 ± 1.48 1.03 ± 0.15 29.56 ± 3.36 3.55 ± 0.40 22.13 ± 0.90 39.36 ± 1.80 34.96 ± 0.99
16-28 ± 8 BwAh 0.51 ± 0.05 17.43 ± 0.38 ± 0.38 21.56 ± 7.56 2.94 ± 0.08 35.82 ± 2.99 28.85 ± 2.50 32.40 ± 1.08
28-56 Bw1 0.53 ± 0.06 13.54 ± 0.26 19.16 2.00 33.08 29.89 35.03
56-78 Bw2 0.63 ± 0.11 13.77 ± 0.30 ± 0.30 32.55 ± 10.29 2.21 ± 0.06 46.72 ± 0.98 25.47 ± 0.48 25.59 ± 1.32
78-100+ Bw3 0.63 ± 0.17 8.80 ± 0.29 15.45 3.72 23.04 39.08 34.16
Alisol (I) 0-9 ± 2 Ah1 0.83 ± 0.17 23.86 ± 3.35 1.89 ± 0.11 80.73 ± 15.78 5.14 ± 0.48 26.72 ± 0.39 35.67 ± 0.86 32.48 ± 1.56
non-paddy 7-16 ± 2 Ah2 0.88 ± 0.15 21.08 ± 2.97 1.94 ± 0.24 93.74 ± 22.35 4.82 ± 0.27 26.61 ± 0.35 35.68 ± 0.55 32.89 ± 0.94
14-22 B(t)o1 0.94 ± 0.16 17.20 ± 1.61 ± 0.10 92.56 ± 2.86 5.00 ± 0.43 26.72 ± 0.41 36.41 ± 0.40 31.87 ± 0.46
22-46 B(t)o2 0.89 ± 0.08 9.43 ± 0.70 73.87 4.52 27.51 35.32 32.64
46-63 B(t)o3 0.92 ± 0.03 7.79 ± 0.57 ± 0.17 61.53 ± 11.90 4.09 ± 0.31 31.49 ± 0.55 32.80 ± 0.55 31.62 ± 0.58
63-83 B(t)o4 0.87 ± 0.06 6.78 ± 0.36 53.76 2.32 40.56 29.46 27.66
83-100+ B(t)o5 1.11 ± 0.00 4.24 ± 0.32 76.32 1.60 31.88 24.21 42.31
Vertisol 0-10 ± 0 Ah1 0.82 ± 0.11 15.11 ± 1.49 2.84 ± 0.43 187.57 ± 9.93 4.81 ± 0.64 26.39 ± 0.75 37.92 ± 3.00 30.88 ± 1.60
non-paddy 10-21 ± 2 Ah2 0.94 ± 0.15 13.63 ± 0.53 2.37 ± 0.07 173.65 ± 4.50 5.69 ± 0.42 27.43 ± 1.24 34.59 ± 1.31 32.29 ± 0.48
23-29 Bw 0.96 ± 0.05 8.98 ± 2.55 ± 0.36 229.38 ± 20.74 4.21 ± 0.18 25.44 ± 1.06 39.94 ± 1.03 30.41 ± 2.18
29-55 Bwi1 0.97 ± 0.05 7.14 ± 1.88 262.82 4.39 26.28 39.90 29.43
55-100 Bwi2 1.02 ± 0.03 5.76 ± 1.57 ± 0.22 275.11 ± 37.07 4.70 ± 0.11 26.99 ± 0.22 38.46 ± 0.12 29.86 ± 0.22
100-120+ Bwi3 0.99 ± 0.06 4.78 ± 1.67 349.73 4.58 30.57 39.53 25.32
Cambisol 0-12 Ap1 1.25 ± 0.06 11.00 ± 1.90 1.08 ± 0.33 99.95 ± 22.17 5.09 ± 0.75 28.26 ± 3.46 35.20 ± 4.97 31.44 ± 4.97
non-paddy 12-17 Ap2 1.32 ± 0.03 7.10 ± 1.80 0.84 ± 0.17 119.83 ± 34.44 5.48 ± 1.11 33.64 ± 6.73 32.59 ± 4.98 28.29 ± 3.59
17-23 Bw1 1.38 ± 0.01 5.30 ± 0.80 0.52 ± 0.14 113.11 ± 31.11 5.00 ± 1.18 36.34 ± 4.63 30.98 ± 2.68 27.68 ± 4.09
23-45 Bw2 1.39 ± 0.03 5.30 ± 0.40 0.43 ± 0.21 80.59 ± 28.27 5.01 ± 1.09 41.07 ± 3.67 28.04 ± 3.26 25.88 ± 2.59
45-70 Bwl1 1.42 ± 0.02 4.80 ± 0.10 0.37 ± 0.08 76.57 ± 15.85 4.45 ± 1.05 43.55 ± 4.98 27.30 ± 2.56 24.70 ± 3.63
70-100 Bwl2 1.42 ± 0.01 4.20 ± 0.50 0.43 ± 0.14 91.24 ± 30.36 3.84 ± 1.01 44.41 ± 3.55 25.27 ± 3.52 26.48 ± 1.67
Alisol (C) 0-10 ± 3 Alp1 1.13 7.13 ± 0.06 0.78 109.22 3.35 30.58 30.33 35.73
non-paddy 20-28 Bl 1.34 2.8 ± 0.23 83.68 2.45 29.25 37.11 31.20
28-42 Bg1 1.23 1.5 ± 0.11 78.18 1.28 69.66 29.05 bdl
60-95+ Bg3 1.37 1.4 ± 0.12 86.56 2.41 40.93 41.16 15.50
Fluvisol 0-15 Ap1 1.48 6.87 0.38 55.63 2.50 40.29 28.00 29.21
non-paddy 15-30 Ap2 1.66 7.56 0.40 52.94 3.56 36.51 30.13 29.81
30-70 Bgw 1.55 2.26 0.07 31.56 bdl bdl 100.00 bdl
70-85 2Bgw 1.51 1.51 0.10 68.93 bdl bdl 100.00 bdl
85-110+ 3C 1.49 0.46 0.04 85.89 bdl bdl 100.00 bdl
BC-C





VIII. Appendix C 
86 




management depth horizon N (EA)
[cm] [g kg-1]
rice straw 3.8 10.20 ± 1.20 5.3 ± 2.7 86.7 ± 7.2 2.9 ± 6.4
rice char 5.50 ± 1.45 56.7 ± 24.1 40.2 ± 22.2 3.1 ± 4.3
Andosol paddy 0-8 Alp1 4.17 10.63 ± 2.43 5.60 ± 2.50 82.60 ± 13.00 11.80 ± 12.50
Alisol (I) paddy 0-7 Alp1 1.88 3.23 ± 1.25 nd 63.90 36.10
Vertisol paddy 0-8 Alp1 1.48
Cambisol paddy
Alisol (C) paddy 0-8 Alp1 2.62 13.73 ± 1.86 2.90 ± 4.00 80.80 ± 7.50 16.40 ± 9.50
Gleysol paddy 0-13 Arp1 1.09 7.87 ± 0.45 7.90 ± 7.70 74.60 ± 13.40 17.50 ± 5.70
Andosol non-paddy 0-7 Ah1 3.55 13.47 ± 2.84 0.90 ± 1.20 91.10 ± 3.20 8.00 ± 4.40
Alisol (I) non-paddy 0-7 Ah1 1.85 2.57 ± 0.96 0.00 ± 0.00 79.70 ± 2.40 20.30 ± 2.40
Vertisol non-paddy 0-10 Ah1 1.15 2.33 ± 2.25 nd nd nd
Cambisol non-paddy
Alisol (C) non-paddy 0-12 Alp1 0.65 3.73 ± 2.01 nd nd nd





primary N ~402 eVsite, sample 
info 
aromatic N ~399 eV amid N ~400 eVN 1s (XPS)
[g kg-1] [%] [%]
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Fig.VIII 1: XPS spectra, including fittings for aromatic N (N1), amide N (N2), and primary N (N3) exemplarily 









Supporting information to Chapter V 
 
Supporting information to the Greenhouse experiment.  
 
1. Introduction of the Greenhouse experiment 
 
Source references 
The greenhouse experiment was part of my PhD thesis. The analytical part was part of the 
master thesis of Nadine Kubsch “Nitrogen sequestration in microbial biomass residues: Short-
term fertilizer N incorporation into amino sugars in rice paddy soils”. I was supervisor of this 
master thesis. Therefore, I partly copied and partly modified text passages from the master 
thesis of Nadine Kubsch in Appendix D of this thesis.  
 
2. Materials und methods of the Greenhouse experiment 
 
Experiment set-up and sampling 
The greenhouse experiment (Fig.IX 1) was carried out with soil samples from the site in 
Zeme (Italy) described in chapters above. The experimental setup (Fig.IX 2)  
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Fig.IX 1: The picture shows the location of the study site (Zeme, Italy) from which the soil samples were 
taken and demonstrates that the paddy and non-paddy soil are located directly next to each other. 
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Fig.IX 2: Schematic diagram of the setup of the greenhouse experiment next to a time scale explaining at which points of time the management measures sampling, fertilization 
and flooding were implemented; pots that are crossed represent taken samples 
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Analysis 
All samples were analyzed for total N and C content and for the concentration and 15N 
enrichment of amino sugars glucosamine, galactosamine, mannosamine and muramic acid 
were determined. On this data basis, it was possible to calculate the 15N recovery in bulk soil 
and the incorporation of applied 15N-labeled fertilizer into amino sugars. 
 
C, N and δ15N analyses 
The analysis of total C and N was carried out in duplicate with an elemental analyzer (Vario 
MICRO cube, Elementar Analysensysteme GmbH, Hanau, Germany). We determined the 
δ15N isotope ratio in duplicate by elemental analysis - isotope ratio mass spectrometry (EA-
IRMS; Flash EA 1112 coupled to DeltaV Advantage, ThermoFisher GmbH, Schwerte, 
Germany). The isotope ratio was expressed as δ15N in ‰ using δ15N of atmospheric air as a 
reference. Analytical drift was corrected by external standards acetanilide (1.18 ‰ δ15N) and 
ammonium sulfate (20.3 ‰ δ15N).  
 
Analyses of amino sugars 
We analyzed four amino sugars: glucosamine (Glu), galactosamine (Gal), mannosamine 
(Man) and muramic acid (MurA). Amino sugars were detected according to Amelung and 
Zhang (1996). Samples were hydrolyzed with 6 M hydrochloric acid and recovery standard 
(myo-inositol) was added. The hydrolysate was filtered and dried. The purification was 
conducted in two steps, first solution was adjusted to pH 6.6-6.8 and centrifuged, and then the 
freeze-dried supernatant was washed with methanol. Samples were derivatized to 
aldononitrile derivates using hydroxylamine hydrochloride and dimethylaminopyridine, 
followed by acetic anhydride addition. After derivatization the quantification standard was 
added (β-endosulfan).  
The four amino sugar derivatives were measured with a gas chromatograph - flame ionization 
detector (GC – FID) (Agilent 6890, Agilent GmbH, Böblingen, Germany) using a capillary 
column (Optima-5 MS; 30 m, I.D. 0.25 mm; Macherey Nagel). Detailed method description 
and temperature program see Zhang und Amelung (1996). The recovery of the first internal 
standard myo-inositol exceeded 70 % in all runs. 
 
Calculations 
For determination of the recovery of applied 15N fertilizer (urea) in bulk soil, firstly the 
relative abundance of 15N to 14N was calculated as 
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15N abundancesoil = 15N/ (14N+15N) = ((δ15N/1000+1)*RStd)/ ((δ15N/1000+1)*RStd) +1) (5) 
with RStd as standard of 0.0036765 for correction of natural abundance of 15N in the 
atmosphere (Epron et al., 2011; Providoli et al., 2005). Secondly, excess 15Nsoil was calculated 
to relate 15N abundancesoil to the total N content of the bulk soil and to the natural 15N 
abundance (15N abundancecontrol), which was originally in soil. 15N abundancecontrol was the 
mean of the 4 replicates of the non-labeled treatments from each management set (paddy soil 
with rice, non-paddy soil with rice and non-paddy soil with maize). Therewith, following 
equation was obtained (Epron et al., 2011): 
 
Excess 15Nsoil = (15N abundancelabel - 15N abundancecontrol) * Ntot [g kg-1]   (6) 
The recovery of applied 15N fertilizer in bulk soil (expressed as percentage) was then 
calculated as following (Providoli et al., 2005): 
 
15N recoverysoil = excess 15Nsoil [g kg-1] * soil quantity [kg] * 100/ 15Napplied [g]  (7) 
 
This equation includes soil quantity as amount of soil in the pots and 15Napplied as amount of 
applied N fertilizer multiplied with 15N atom-%. 
 
The atom percentage excess (APE) is the proportion of 15N isotope enrichment versus a 
control. To assess the relative abundance of 15N in the dominant molecule fragment, the mass 
of the respective fragment F and the mass of the corresponding F + n ion with n for the 
number of N atoms were determined by GC/MS. Amino sugar molecules only contain one N 
atom, therefore n is equal to 1. The abundance ratio R of F+1 to F was determined for each 
compound. This abundance ratio and the one of the controls were used to calculate the APE 
as following (He et al., 2006): 
 
APE = (Rlabeled – Rcontrol)*100/ (1+ (Rlabeled – Rcontrol))     (8) 
APE includes the R of 15N labeled samples as Rlabeled and R of controls as Rcontrol. The APE 
was determined for glucosamine, galactosamine and muramic acid. 
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Incorporation of 15N fertilizer into amino sugars is expressed by 15N recovery in amino sugar 
(15N recoveryAS). Therefore, we modified the calculation process of 15N recovery soil 
(formulas 5 - 7) as following: 
 
15N abundanceAS = (F+1)/ (F + (F+1))       (9) 
With 15N abundanceAS, excess 15N in amino sugar is calculated as following: 
 
Excess 15NAS = (15N abundanceAS(label) - 15N abundanceAS(control)) * amino sugar N [g kg-1] (10) 
Amino sugar-N is included as the concentration of amino sugar in soil multiplied with its 
mass fraction of N. In muramic acid this mass fraction accounts for 0.05018 and in the other 
amino sugars for 0.0848. 15N recoveryAS can then be calculated with formula (7) when 
replacing excess 15Nsoil by excess 15NAS. 
 
Statistic 
SigmaPlot 13.0 for Windows (Systat Software) was used for descriptive and inferential 
statistics as well as for the production of the graphs. To test if the differences between the 
management systems were significant, one-way analysis of variance (ANOVA) with 
Bonferroni t-test and Holm-Sidak Method was run if parameters passed Normality-Test 
(Shapiro-Wilk Test). ANOVA on Ranks was used with Kuskal-Wallis-H Test and Dunnett's 
Method if the Normality-Test failed. The tests were run at a confidence level of 95 %. The 
results were considered to be significant at P < 0.05 and highly significant at P < 0.01. All 
tables were created with Microsoft Excel 2010. 
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3. Results of the Greenhouse experiment 
The total N content ranged between 1.0 ± 0.0 and 1.1 ± 0.1 g kg-1 in the paddy soils and 
between 0.8 ± 0. and 0.8 ± 0.0 g kg-1 in the non-paddy soils. Total N content and C to N ratio 
were stable over the whole time of the experiment in all treatments (Tab.IX 1). The total amino 
sugar content comprised the sum of glucosamine, mannosamine, galactosamine and muramic 
acid. The ancient paddy soil (P-R) contained 18.3 ± 2.9 to 24.1 ± 6.8 g amino sugar-N kg-1 N 
over the time of the experiment.. Therewith, the amino sugar-N content accounted for 1.4-
3.2 % of total N in the paddy soil over the whole period of the experiment. The amino sugar-
N content in the non-paddy soil cropped with rice (NP-R) ranged between 41.5 ± 6.7 and 50.2 
± 18.4 g N kg-1 N and between 30.75 ± 3.5 and 66.8 ± 8.0 g kg-1 N in the non-paddy soil 
cropped with maize (NP-M). The amino sugar-N content accounted for about 4.2-8.6 % of the 
total N content in the non-paddy soils (NP-R ad NP-M) (Tab.IX 3). The amino sugar-N 
content in the ancient paddy soil (P-R) was thus about half as low as the content in both non-
paddy soils. This difference between the paddy soil and the non-paddy soils was significant 
(P < 0.001). The difference between both non-paddy soils was not significant (P = 0.713). 
 
Microbial residues in















































Fig.IX 3: Microbial residue contents in the paddy soil with rice (P-R), non-paddy soil cultivated with rice (NP-
R) and non-paddy soil with maize (NP-M) at day 1 (pre-seeding), day 55 (tillering) and day 90 
(flowering). The error bars represent standard deviations of the greenhouse pot replicates. (n=4) 
 
15N recovery in bulk soil accounted for 22.4 ± 3.49 % of the applied amount in the ancient 
paddy soil after the first labeling (day 55) and 22.6 ± 1.5 % after the second labeling (day 90). 
In the non-paddy soil with rice (NP-R), 26.2 ± 7.5 % of applied 15N were found on day 55 and 
22.1 ± 6.4 % were found on day 90. The 15N recovery in the non-paddy soil with maize (NP-
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Fig.IX 4: 15N recovery in bulk soil in the paddy soil with rice, non-paddy soil with rice and non-paddy soil with 
maize at day 1 (pre-seeding; non-labeled), day 55 (tillering; 55 days after first labeling, with 127.5 mg 
N urea per pot) and day 90 (flowering; 35 days after second labeling, with 72.9 mg N urea per pot). The 
error bars represent standard deviations of the pot replicates (n=4). 
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Tab.IX 1: Mean total N content and C/N ± standard deviations (n=4) in the paddy soil with rice, non-paddy soil 
with rice and non-paddy soil with maize at day 1 (pre-seeding), day 55 (tillering) and day 90 
(flowering) (n=4) 
Time Paddy soil (rice) Non-paddy soil (rice) Non-paddy soil (maize) 
Total N content (g N kg-1 soil)   
Day 1 1.09 ± 0.10 0.82 ± 0.04*1 0.82 ± 0.04*1 
Day 55 1.00 ± 0.04 0.81 ± 0.07 0.81 ± 0.07 
Day 90 1.11 ± 0.13 0.75 ± 0.03 0.77 ± 0.03 
C/N    
Day 1 10.15 ± 0.10 8.43 ± 0.26*2 8.43 ± 0.26*2 
Day 55 10.70 ± 0.16 8.79 ± 0.07 8.94 ± 0.39 
Day 90 10.59 ± 0.03 8.78 ± 0.17 8.53 ± 0.18 
Asterisks show that both values are the same respectively (at day 1 no differentiation between non-paddy soils, because 




Tab.IX 2: Excess 15N and 15N recovery of applied labeled urea in bulk soil ± standard deviation in the paddy soil 
with rice, non-paddy soil with rice and non-paddy soil with maize at day 1 (only for excess 15N), day 55 
(tillering; 55 days after first labeling, with 127.575 mg N urea per pot) and day 90 (flowering; 35 days 
after second labeling, with 72.9 mg N urea per pot. (n = 4) 
Time Paddy soil (rice) Non-paddy soil (rice) Non-paddy soil (maize) 
Excess 15N (mg kg-1 soil)   
Day 1 0.00 ± 0,01 0.04 ± 0,07* 0.04 ± 0.07* 
Day 55 8.28 ± 1,25 9.16 ± 2,61 11.74 ± 1.78 
Day 90 13.11 ± 0,86 12.14 ± 3,54 15.27 ± 3.07 
15N recovery (%)    
Day 55 22.42 ± 3.39 26.18 ± 7.45 33.53 ± 5.08 
Day 90 22.59 ± 1.49 22.08 ± 6.43 27.76 ± 5.58 
Asterisks show that both values are the same respectively (at day 1 no differentiation between non-paddy soils, because 
planting of rice and maize did not occur yet) 
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Tab.IX 3: Mean amino sugar-N content ± standard deviation in the paddy soil with rice, non-paddy soil with rice 
and non-paddy soil with maize at day 1 (pre-seeding), day 55 (tillering) and day 90 (flowering).   (n = 4) 
Amino sugars Paddy soil (rice) Non-paddy soil (rice) Non-paddy soil (maize) 
Time (g AS-N kg-1 N) (g AS-N kg-1 N) (g AS-N kg-1 N) 
Sum    
Day 1 18.28 ± 2.90 49.59 ± 4.52* 49.59 ± 4.52* 
Day 55 24.06 ± 6.84 41.47 ± 6.70 30.65 ± 3.48 
Day 90 21.64 ± 4.00 50.17 ± 18.40 66.75 ± 7.96 
Glucosamine    
Day 1 8.16 ± 1.77 30.91 ± 2.86*1 30.91 ± 2.86*1 
Day 55 11.24 ± 1.54 22.14 ± 4.59 20.60 ± 2.79 
Day 90 9.22 ± 1.42 24.03 ± 7.33 45.23 ± 4.40 
Galactosamine    
Day 1 9.65 ± 1.62 16.34 ± 1.07*2 16.34 ± 1.07*2 
Day 55 13.11 ± 2.51 15.91 ± 0.52 11.55 ± 1.54 
Day 90 10.50 ± 2.03 18.85 ± 5.04 26.36 ± 1.66 
Muramic acid    
Day 1 0.10 ± 0.03 0.66 ± 0.03*3 0.66 ± 0.03*3 
Day 55 0.25 ± 0.05 0.48 ± 0.02 0.16 ± 0.01 
Day 90 0.21 ± 0.05 0.49 ± 0.08 0.27 ± 0.04 
Mannosamine    
Day 1 0.88 ± 0.10 0.61 ± 0.08*4 0.61  ± 0.08*4 
Day 55 1.27 ± 0.22 0.90 ± 0.11 0.53  ± 0.10 
Day 90 0.96 ± 0.18 1.06 ± 0.22 1.05  ± 0.07 
 
Asterisks show that respective values are the same (at day 1 was no differentiation between non-paddy soils, because planting 
of rice and maize did not occur yet) 
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Tab.IX 4: Means of glucosamine-to-galactosamine (Glu/Gal) and glucosamine-to-muramic acid (Glu/Mur) ratios 
± standard deviation in the paddy soil with rice, non-paddy soil with rice and non-paddy soil with maize 
at day 1 (pre-seeding), day 55 (tillering) and day 90 (flowering). (n = 4) 
Time Paddy soil (rice) Non-paddy soil (rice) Non-paddy soil (maize) 
Glu/Gal   
Day 1 0.84 ± 0.05 1.90 ± 0.20*1 1.90 ± 0.20*1 
Day 55 0.87 ± 0.07 1.39 ± 0.26 1.78 ± 0.05 
Day 90 0.89 ± 0.10 1.27 ± 0.06 1.71 ± 0.09 
Glu/Mur    
Day 1 51.39 ± 8.28 27.79 ± 3.53*2 27.79 ± 3.53*2 
Day 55 27.02 ± 3.37 27.62 ± 6.81 74.50 ± 9.71 
Day 90 26.13 ± 3.80 28.86 ± 4.52 99.68 ± 6.85 
Asterisks show that respective values are the same (at day 1 was no differentiation between non-paddy soils, because planting 
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